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Abstract 
 
Forest professionals, policy makers as well as scientists from different science fields 
demand a global quantitative forest inventory and a regular global forest monitoring to 
protect forests and to maintain the multifaceted functions of the forests for mankind. 
However, these demands could be fulfilled by the use of proper remote sensing tools. 
This work contributes to the rapidly developing field of radar Synthetic Aperture Radar 
(SAR) remote sensing in particular the field of Polarimetric Interferometric SAR (Pol-
InSAR). Pol-InSAR is a remote sensing technology perfectly suited for forest monitoring 
as it makes physical structural forest attributes accessible and may therefore also be used to 
get estimates of forest height. A forest height estimate may be already obtained from a 
single Pol-InSAR observation.  
SAR offers a wide range of frequencies starting from VHF with ~100 MHz up to Ka-band 
with ~30 GHz. In the frame of this thesis the potential of Pol-InSAR forest height 
estimation and forest monitoring was investigated at X- , L- and P-band. 
Forest height maps are an essential contribution to the quantitative monitoring of forests. 
So far, quantitative forest parameters are mainly obtained from ground measurements. 
Therefore, first state of the art in forest monitoring was reviewed and observation 
requirements for a remote sensing based forest monitoring were summarized. 
Subsequently, significance and role of the parameter forest height for forest inventories, 
forest mensuration and forest monitoring was lined out.  
A survey of different remote sensing aproaches capable of providing quantitative forest 
information was compiled and critically reviewed, including optical remote sensing as well 
as LIDAR and radar remote sensing. This is followed by a chapter providing some 
background on SAR, polarimetry, interferometry and Pol-InSAR techniques relevant for 
this thesis. 
Main observable of Pol-InSAR is the interferometric coherence at different polarizations. 
Structure models capable to explain the measured interferometric coherences were 
introduced, reviewed and adapted. An approach for a step by step estimation of forest 
height was introduced and the effect of the vertical wavenumber on the forest height 
inversion performance was evaluated. In addition, modified inversion approaches for 
single-pol data were introduced.  
The behaviour of temporal decorrelation for different frequencies (X-, L- and P-band) and 
different temporal baselines was described. 
Pol-InSAR forest height was successfully estimated and validated at L-band over boreal, 
temperate and tropical forests and at P-band over boreal and tropical forests. At X-band 
Pol-InSAR forest height estimation was demonstrated with dual-pol data and with single-
pol data in combination with an external DTM by means of airborne and spaceborne 
(TanDEM-X) SAR.  
Seasonal forest variations have been monitored by means of interferometric and 
polarimetric interferometric data at X-band through measurements of the polarimetric 
diversity and the penetration depth.  
An adapted dual baseline forest height inversion approach for P-band was introduced able 
to compensate for the underestimation of forest height at boreal forests. Similarly, a dual 
baseline forest height inversion approach compensating for a scalar temporal decorrelation 
contribution was presented.  
Looking at the results obtained in this thesis it can be concluded that Pol-InSAR forest 
height estimation is today a mature application, which can be operationally used and may 
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essentially contribute to a quantitative forest monitoring. L-band seems to be a universally 
applicable frequency and therefore perfectly suited for a Pol-InSAR based global forest 
monitoring system. 
The polarimetric diversity at X-band is sometimes too small to allow Pol-InSAR forest 
height inversion. On the other hand penetration depth at P-band is often especially for 
boreal forest, too strong for a meaningful single baseline Pol-InSAR forest height 
inversion.  
Temporal decorrelation was identified as the most disturbing factor, which can prevent 
Pol-InSAR forest height inversion. 
Finally, suitable satellite SAR systems, i.e. SAR systems providing Pol-InSAR 
configurations were reviewed for their use for Pol-InSAR forest height estimation.  
This doctoral thesis is a cumulative thesis and is based on six articles of which the author is 
in two articles first author, in three articles second author and in one article the 13th author.   
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Preface 
 
The work on this thesis opened a new chapter in my life - it sent me on the longest journey 
I have ever taken. Geographically, it took me from the Equator to the North Pole, in the 
course of several measurement campaigns. However, most of the time, I spent at the 
Microwaves and Radar Institute of the German Aerospace Center in the beautiful 
surroundings of Oberpfaffenhofen. Emotionally, there were periods of great satisfaction 
and joy, but at the same time I had to face several disappointments. Scientifically, it gave 
me the unique opportunity to work with high-end technologies in the field of radar remote 
sensing in particular Synthetic Aperture Radar (SAR), allowing me to contribute to the 
design of future SAR satellite missions. However, in some situations, scientific work had 
to give priority to the fulfillment of basic needs (like the availability of clean drinking 
water during measurement campaigns). Moreover, often daily business inevitably had a 
higher priority than the progress of this thesis. After 11 years, 2 months and 19 days I 
eventually arrived at the destination “Ph.D. degree”. I hope that I never lost track to see 
things through the eyes of a forester and that there is practical benefit for the results 
produced. 
Naturally, a Ph.D. thesis is influenced by different aspects in its environment and it goes 
without saying that after such a long time period many people passed my way, each of 
them leaving important marks. I am grateful to everybody who made a difference during 
this time with his/her help, scientific discussions or real support when there was a rough 
patch.  
First and foremost, I would like to thank my supervisor Dr. Kostas Papathanassiou for his 
support and his scientific feedback and contribution. He accompanied nearly every step of 
my work and he was always a critical discussion partner, helping me to improve my way 
of scientific thinking.  
A very special thanks goes to my Ph.D. advisor Prof. Dr. Dr. h.c. Hans Pretzsch for his 
patience and support throughout the years and for the opportunity to graduate at the chair 
of forest yield science of the Technische Universität München. I would also like to thank 
my group leader of the Pol-InSAR group, Prof. Dr. Irena Hajnsek, for her support and the 
organization of all measurement campaigns. I am also grateful to Prof. Dr. Alberto Moreira 
and Dr. Gerhard Krieger for the opportunity to do research at the Microwave and Radar 
Institute of the German Aerospace Center. Furthermore, I would like to thank Prof. Dr. 
Richard Bamler for being examiner of this thesis. 
Special mention should be made of Dipl.-Ing. Ralf Horn, Dr. Rolf Scheiber, Jens Fischer 
and Martin Keller for their effort in E-SAR (Experimental Synthetic Aperture Radar 
system) data acquisition and processing. Moreover, I would like to mention the TanDEM-
X team around Dr. Manfred Zink, in particular Dr. Markus Bachmann, Daniel Schulz and 
Dr. Michele Martone, for their straightforward support regarding TanDEM-X data. 
Sincere thanks also goes to my former office mates and colleagues, Rafael Zandona-
Schneider for introducing me to the basics of SAR and for his Brazilian spirit which 
always brought lightness to work, Dr. Seung-Kuk Lee for our joint works, valuable 
scientific discussions and his introduction into South Korean cuisine and Dr. Tobias Mette 
for the supervision during the first steps into my thesis.  
A special thanks goes to Dr. Marcela Quinones and Dr. Dirk Hoekman for the great 
experience doing ground truth measurements in the forests of Borneo.  
I would like to recognize Dr. Jaan Praks for our joint works and his company during 
numerous conferences.  
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I would also like to recognize Franziska Wanninger for her corrections of the English 
language. 
A very special mention is reserved for Thomas Busche for his help, support and for his 
very special humor, Dr. Stefan Baumgartner for his help, our trip to polar bear country and 
to give me the viewpoint of engineering, Dr. Stefan Sauer for his help, for proof reading 
the SAR chapter of my thesis and for our excursions to higher mathematics and Christian 
Andres for his help, understanding and our discussions in Austrian dialect.  
There are still many more who deserve credit and thanks: my Diploma, Master and Ph. D. 
students Dr. Astor Torano Caicoya, Angelo Coscia, Ernesto Imbembo and Dr. Giuseppe 
Parrella; Robert Metzig for our trip to the North Pole; my office mates Thomas Aulinger, 
Dr. Armando Marino, Dr. Esra Erten and “Frau” Friese; Dr. Matteo Nannini for his 
technical explanations; Dr. Koichi Iribe for my experiences in Japanese lifestyle; Ralf 
Moshammer for keeping in touch with forestry practice; Sybille Radzuweit for her friendly 
exceptional support; Dr. Viktor Böhm for the supply with LIDAR data; Dr. Robert 
Treuhaft for his discourse on the advantages of Cowboy boots; and Dr. Luigi Castaldo for 
introducing me to Naples coffee culture.  
I would very much like to thank my parents Eva und Albert for their support and 
encouragement during the whole time. 
The deepest gratitude goes to my beloved girlfriend Anja for her patience during the final 
phase of my thesis, for her tireless support and for taking care of most things allowing me 
to complete this thesis, and to my son Valentin for bringing fun and happiness to my life.  
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Acronyms: 
 
ALOS/ALOS-2 Advanced Land Observing Satellite; both are Japanese earth 
observation satellite with an L-band SAR antenna 
ALOS PALSAR L-band SAR of ALOS 
ALOS PRISM Optical sensor of ALOS 
ASAR Advanced Synthetic Aperture Radar; operated at C-band on ESAs’ 
earth observation satellite Envisat 
AVHRR Advanced Very High Resolution Radiometer; multispectral remote 
sensing sensor operated by the National Oceanic and Atmospheric 
Administration of the US government 
BIOMASS Future radar earth observation satellite operating at P-band (from 
ESA) 
CARABAS Airborne SAR sensor operated at VHF by the Swedish Defence 
Research Agency 
CORINE Coordination of Information on the Environment; European land 
cover classification 
dbh   Diameter at breast height 
DEM   Digital Elevation Model 
DSM   Digital Surface Model 
DTM   Digital Terrain Model 
ERS European Remote Sensing Satellite; it was operated by ESA and 
carries beside other sensors also a C-band SAR 
ESA   European Space Agency 
FAO   Food and Agriculture Organization of the United Nations 
FRA   Forest Resource Assessment of the FAO 
FSC   Forest Stewardship Council (Forest Certification System) 
GFOI   Global Forest Observation Initiative 
GLAS Geoscience Laser Altimeter System; on board of ICESat; it is a large 
footprint LIDAR sensor 
ICESat Ice, Cloud and Land Elevation Satellite; with GLAS sensor; large 
footprint LIDAR sensor  
IKONOS multispectral and panchromatic earth high resolution observation 
satellite (commercial) 
InSAR   Interferometric SAR 
IWCM   Interferometric Water Cloud Model 
JERS Japanese Earth Resources Satellite; it carried a L-band SAR 
(operated until 1998) 
kNN   k nearest neighbor method 
LAI   Leaf Area Index 
Landsat  Series of optical earth observation satellite (from NASA/USGS) 
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LIDAR  LIght Detection And Ranging 
MODIS Moderate-resolution Imaging Spectroradiometer; it is a sensor on 
board of the NASA earth observation satellites Terra and Aqua 
NASA   National Aeronautic and Space Administration (from USA) 
NDVI Normalized Differenced Vegetation Index (calculated from optical 
data) 
NESZ    Noise Equivalent Sigma Zero 
NFI   National Forest Inventory 
NOAA  National Oceanic and Atmospheric Administration  
OV   Oriented Volume 
PCT   Polarimetric Coherence Tomography 
PEFC Programme for the Endorsement of Forest Certification (Forest 
Certification System) 
PolSAR  Polarimetric SAR 
Pol-InSAR  Polarimetric-Interferometric SAR 
PRF   Pulse Repetition Frequency 
Radar Radio Detection and Ranging; microwave region of the 
electromagnetic spectrum  
REDD   Reducing Emissions from Deforestation and Forest Degradation 
RMSE   Root Mean Square Error 
RSS   Remote Sensing Systems 
RV    Random Volume 
RVoG   Random Volume over Ground Model 
SAR   Synthetic Aperture Radar 
ScanSAR SAR acquisition mode offering the opportunity to cover broad 
stripes (swaths) 
SIR-C/X-SAR Shuttle Imaging Radar C- and X-Band Synthetic Aperture Radar, 
space shuttle mission in 1994 
SLC  Single Look Complex image 
SNR   Signal to Noise Ratio 
Spot high-resolution optical imaging Earth observation satellite operated 
by the French space agency 
SRTM  Shuttle Radar Topographic Mission 
TanDEM-X TerraSAR-X add-on for Digital Elevation Measurement; Radar earth 
observation satellite operating at X-band (from Germany) 
Tandem-L Future radar earth observation satellite operating at L-band (from 
Germany) 
TerraSAR-X Radar earth observation satellite operating at X-band (from 
Germany) 
UN   United Nations 
UNFCC  United Nations Framework Convention on Climate Change 
USGS   United States Geological Survey 
WRI   World Research Institute 
VHF   Very High Frequency 
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VHR   Very High Resolution 
VTD   Volume Temporal Decorrelation 
 
 
Roman Symbols 
 
A    amplitude of a complex number or received power 
MLA    radar amplitude multilooked 
a    allometric factor 
B    biomass or spatial baseline 
B    effective baseline 
c    allometric exponent 
0c    speed of light 
ct    constant 
dbh    diameter at breast height of a single tree 
meandbh    mean diameter at breast of all measured trees 
D    length of the antenna 
e    base of natural logarithm 
{}E    expectation value 
E

   field of an electromagnetic wave 
HE    horizontal component of the field of an electromagnetic wave 
VE    vertical component of the field of an electromagnetic wave 
0E

   amplitude of the electromagnetic wave 
HE0  the amplitude of the electromagnetic field in the horizontal 
dimension 
VE0    the amplitude of the electromagnetic field in the vertical dimension 
(...)12 F , (...)23 F   hypergeometric functions 
f    frequency 
0f    center frequency 
Vf    volume scattering contribution 
specF     species specific form factor 
)'(zF    function of the vertical distribution of scatterer 
g     basal area of a tree 
G     total basal area of a forest stand 
h     tree height 
50h    forest top height referring to the 50 thickest trees pre hectar  
100h    forest top height referring to the 100 thickest trees pre hectar 
200h    forest top height referring to the 200 thickest trees pre hectar 
DTMh    topographic height of a DTM 
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Loreyh    Lorey’s height  
meanh    mean height of all measured trees 
Topoh    terrain Height 
Vh    height of the volume  
H    height of antenna over ground 
FH    forest height obtained from Pol-InSAR 
accH    interferometric height accuracy 
i    imaginary unit 
I    intensity or power 
I    expectation of intensity 
SI    received or backscattered Intensity 
II    transmitted intensity 
k    wavenumber 
k

   propagation vector of an electromagnetic wave 
dk 21

   two dimensional scattering vector  
Lk

   scatterer vector with the lexicographic basis of a monostatic system 
Pk

   scatterer vector with the pauli basis of a monostatic system 
6Pk

   six-element scatterer vector associated to the Pauli basis 
][ 3C    polarimetric covariance Matrix 
][ 3T    polarimetric coherency Matrix 
al    allometric level 
L    number of looks 
m  factor for bistatic 1m  or monostatic 2m  acquisitions or ground to 
volume ratio 
Gm    ground scattering amplitude 
Sm    direct ground scattering contribution 
Dm    dihedral scattering contribution 
minm    smallest ground to volume ratio 
N     number of measurements or number of trees or noise power 
P    received power 
SP    the mean signal power of the received unprocessed Signal 
TP    noise power 
rgPS    slant range distance between two consecutive range pixels 
r    position vector of electromagnetic wave 
r²   correlation coefficient 
R , 1R , 2R   distance between scatterer and antenna 
0R    minimum range distance between scatterer and antenna 
S , 1S , 2S   backscattered Signal or scattering matrix 
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pqS    element of the scattering matrix with the polarization pq  
SPAN    total scattered power 
t     time 
6T    6 x 6 Pauli coherency matrix 
v    platform velocity 
V     tree Volume 
stockV    stock volume of a defined area 
w
    polarization vector 
minw
 , maxw

  minimum and maximum eigenvectors 
W    bandwidth 
AzW    azimuth bandwidth 
RgW    range bandwidth 
0z    height of the ground 
 
Greek Symbols  
    terrain slope 
1 , 2    scattering phase of the observed scatterer 
    interferometric coherence amplitude 
~    complex interferometric coherence 
Az    azimuth spectral decorrelation 
COR    coregistration decorrelation 
Obs~    observed complex interferometric coherence 
Rg    range spectral decorrelation 
Scat~    scatterer induced decorrelation processes 
SNR    SNR decorrelation 
Sys    system induced decorrelation processes 
TG    temporal decorrelation of the underlying ground 
TV~    temporal decorrelation of the volume 
Tmp~    temporal decorrelation 
0
~
V    decorrelation of the volume part 
Vol~    volume decorrelation 
(...)    gamma function 
H    absolute phase term in horizontal direction 
V    absolute phase term in vertical direction 
rad    radiometric resolution 
Azf    spectal shift in azimuth 
DCf    Doppler centroid difference 
Rgf    spectral shift in range 
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h  maximum height difference of the coherence region or polarimetric 
diversity 
H    height difference between two consecutive range samples 
R , 1R , 2R   slant range difference between the two antennas of an interferometer 
t    time between transmission and reception of a radar pulse 
    angular separation of the two acquisitions of an interferometer 
    maximum phase difference of the coherence region 
    slope of the triangular backscattering function 
    local incidence angle (topography corrected) 
0    incidence angle  
1    look angle of first antenna of an interferometric constellation 
Z    vertical wavenumber 
    wavelength or eigenvalue 
min , max   minimum and maximum eigenvalues 
    tilt angle of the baseline 
    3.14159265359 – mathematical constant (circles) 
rg    range resolution 
az    azimuth resolution 
ground    ground range resolution 
    radar backscattering coefficient or mean extinction value 
0    radar cross section 
mean    standard error of the mean 
Pixel    standard error  
    standard deviation coherence 
    standard deviation of the interferometric phase 
    pulse length 
    standard deviation 
    phase term of the received signal 
0    phase associated to the ground  
1 , 2    ground phase candidates 
DTM    interferometric phase obtained from a DTM 
    interferometric phase 
1 , 2    phase term of the received signals 1S  and 2S  
Flat    flat earth phase 
Scat    scatterer phase 
Topo    topographic phase 
    eccentricity of coherence boundary 
    angular frequency 
0 List of Symbols and Acronyms  
 
XVIII
12    3 x 3 polarimetric interferometric coherency matrix 
 
Notation and Operation Symbols 
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1 Introduction  
 
Main objective of this thesis is Polarimetric SAR Interferomtry (Pol-InSAR) forest height 
inversion at different frequencies. Pol-InSAR is a radar remote sensing technique that 
enables to estimate forest height and may provide – if operated from a spaceborne system – 
globally wall-to-wall forest height mapping. The Pol-InSAR concept is introduced in 
section 4.4, the concepts of SAR, polarimetry and interferometry are explained in section 
4.2 and 4.3. This work demonstrates Pol-InSAR forest height inversion at X-, L- and P-
band, shows up limitations in the inversion process and introduces concepts how to 
overcome some of these limitations.  
Forest height is an essential parameter for forest inventories and forest monitoring [291], 
[202], [287] [289]. New planned innovative satellite missions like BIOMASS (see section 
7.2.1) or Tandem-L (see section 7.2.2) may provide forest height maps globally at least 
once per year [346], [251], [250] [183]. Both satellite missions will rely on Pol-InSAR 
techniques.  
The importance of forest monitoring und the relevance of different quantitative forest 
parameters for forest monitoring should be pointed out in the following chapter. For this 
purpose, the state of the art in forest mensuration, forest inventories and forest monitoring 
is reviewed in section 1.1 and important forest parameters are identified. Section 1.2 
summarizes user requirements for a regular forest monitoring with focus on important 
forest parameters and forest monitoring by means of remote sensing systems.  
 
1.1 State of the art forest inventories 
 
An evaluation of the state of a forest ecosystem requires, dependent on purpose, data about 
extent, stock volume, composition and condition of a forest area. In order to acquire 
relevant data to access these parameters, forest inventories are designed and regularly 
conducted [173].  
Decisions concerning the acquisition of information have been mainly based on the 
accuracy of the acquired data and the costs of the data. Usually, the accuracy of standing 
mean stock volume is considered the most important benchmark to evaluate data quality 
[163]. Today other forest variables than stock volume gain more weight in forest 
inventories for instance structure and biodiversity parameters.  
 
1.1.1 On national level 
Forest inventories are traditionally based on ground measurements, partly supported by 
optical remote sensing data (mostly aerial photographs) used for stand delineation and 
forest area estimation [338], [135]. Inventory data from ground measurements rely usually 
on a grid of sample plots, the required parameters are recorded for each plot. The accuracy 
of a plot based forest inventory depends on the sample plot size, the homogeneity of the 
forest and the used grid density [173].  
The Food and Agriculture Organization of the United Nations (FAO) seeks to evaluate the 
state of the global forests’ resources since 1946 on a five to ten year basis (five-year 
intervals since 1990) in their “Global forest resource assessment” [65]. However, the 
available data base makes this request a challenge. Nevertheless, FAO provides the most 
complete summary of the state of the forests on country level and relies exclusively on the 
1 Introduction  
 
2
individual countries’ reporting’s. These are largely founded on national statistics based on 
an inventory plot system and inventory reports. Each country has its own definition of 
forest and has developed its own forest inventory system with different sampling densities, 
sampling systems (ground measurements and remote sensing), plot designs and temporal 
repetitions [52]. Therefore, the database as well as the data quality of the forest inventory 
systems is rather heterogeneous [65]. International comparability is rarely considered. 
Consequently, the cross-countries’ estimates are not direct comparable [367]. FRA 2000 
[65] was the first forest resource assessment to use a homogeneous set of global definitions 
and it is to date the most comprehensive assessment of global forest resources [367]. 
Quantitative forest parameters such as stock volume or forest height are in all countries 
nearly exclusively obtained from ground measurements [67], [68], [69], [70], [71], [72], 
[80], [73] [74].  
In the following the state of the art of forest inventories on country level is reviewed 
(mainly temporal and spatial sampling density) for selected countries with relevant forest 
cover including the five most densely wooded countries of the world i.e. the Russian 
Federation, Brazil, Canada, the United States of America and China [65], [67].  
Some countries with a well-established forest management built up a rather dense sampling 
grid covering the entire forest area of the country. Germany’s national forest inventory, for 
instance, relies on ground measurement plots on a 4 km x 4 km grid measured in a ten-year 
cycle [23], [73]. Therefore, the standard error of the estimated parameters (mainly stock 
volume) translates on national level into one percent [171]. Some federal states of 
Germany condense the sampling grid to 2.83 km x 2.83 km or 2 km x 2 km to improve 
precision of the estimated parameter on subnational level.  
The US National Forest Inventory (NFI) is based on a 5 km x 5 km grid, which is 
remeasured every ten years [74].  
France, forest is pre-stratified with optical remote sensing data, whereas ground point 
density depends on the stratum [75], [389] with a mean of 4 km x 4 km. Ground 
measurements are repeated every five years [389], [390].  
In Romania the last quantitative forest inventory was done at the context of the national 
forest inventory in 1985 and showed a mean standing stock volume over bark of 211.5 
m³/ha which is used as a reference for forested land. Later, changes of the forest area are 
only reported (which corresponds to change of stock volume) every five to ten years [76].  
China, however, has a regular forest inventory repeated every five years. They use either a 
4 km x 4 km grid or 2 km x 2 km grid dependent on the forest region [77], [325]. 
Boreal countries adapt the sampling grid to the productivity, remoteness and heterogeneity 
of the forest: in highly productive and easy to access forest areas a 4 km x 4 km grid is 
used in Canada [70], [36] and a 6 km x 6 km in Finland [80]. In remote and low productive 
areas the grid density is reduced to at least 10 km x 10 km in Finland and 80 km x 80 km in 
Canada. Measurements are repeated in a ten-year cycle in both countries. In the Swedish 
National Forest Inventory each year 17,000 inventory plots are measured corresponding to 
a mean grid density of ~4.5 km x ~4.5 km, however, the sampling grid density decreases 
from South to North.  
The last official forest inventory in Russia was done in 1988. Starting in 1998, inventory 
data relies on reportings from forest enterprises and are summarized every five years (only 
company relevant forest areas are measured). Due to the forest companies’ various 
inventory systems, difficulties appear in combining the data. It is also claimed that the data 
is partly not reliable [69].  
Quantitative information of the state of the forest in Gabon and the Democratic Republic of 
Congo relies on the estimation of the forest area from optical remote sensing data mainly 
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achieved from Landsat (in combination with MODIS) for forest area estimation [391], 
[78], [79]. Forest area is classified and each class is assigned with a mean stock volume 
obtained from previous forest inventories i.e. data from 1990 or older. 
Indonesia estimates its forest area by means of optical remote sensing data (Landsat). 
Quantitative forest estimates were done in 2003 on 91 plots all over the country. Mean 
stock volume of these plots is used as a reference for the entire Indonesian forest area 
including forest plantations [72].  
The extent of natural forest in Brazil is mapped using optical remote sensing data from 
Landsat. Natural forest area is a classified biome consisting of primary and secondary 
forests - generated by Landsat data. Plantation forest area is derived from the national land 
survey. Each forest class is assigned with a certain stock volume. In the Amazon for 
example, a mean stock volume of 300 m³/ha is used. This is a mean value from several 
scientific studies [71]. 
Some countries such as Germany or Sweden update forest inventory information between 
the measurement periods by means of forest growth simulators [23], [68] and [73]. 
Certain European countries still gather national data by aggregating stand inventories 
originally designed for management planning purposes [365]. 
Inventory information, as described above, is in many countries the national data base for 
political decisions concerning forest management. 
Nevertheless, the quality of quantitative forest information on country level is extremely 
heterogeneous. Countries such as Canada, China or France acquire national forest 
inventory data regularly on a nationwide basis, therefore allowing a rather precise tracking 
of forest development. Brazil, Romania or Indonesia, however, mainly map changes in the 
forest area. A quantitative description of the forests is either missing or not reliable. Forest 
degradation due to uncontrolled logging activities, thunderstorms, forest fires or other 
calamities may thus stay undetected [266]. 
Remote sensing is mainly used for forest area estimation and sometimes for forest 
classification. Some countries like Sweden, Finland or the USA use remote sensing data 
(mainly optical systems like Landsat) in combination with inventory samples to provide 
wall-to-wall maps of forest parameters by means of statistical correlations (kNN “k-nearest 
neighbour” method”) [89], [348]. This method provides high accuracy (10 percent RMSE) 
for spatial units on the order of 100 ha to 200 ha [296].  
 
1.1.2 On enterprise level 
Forest inventory information as provided by a national forest inventory is not sufficient for 
management decisions in forestry companies [173] p. 16. Each major forest enterprise is 
therefore keeping its own forest inventory and often even its own measurement (forest 
inventory) system. Typically, a grid based sampling method is used. Grid density ranges 
from a minimum of 100 m x 100 m to rather wide meshed grids of 1 km x 1 km and more. 
The mesh width depends on the required accuracy of the measured parameter (in particular 
stock volume) and the heterogeneity of the inventoried forest.  
Forest inventories on company level are performed for economic planning and in order to 
guarantee a sustainable forest management (protection of the resources for the future, 
ecological stability and social aspects) [173] p. 16, [172], [360]. The most important 
parameter, however, is the harvestable stock volume. The stock volume on company level 
(~100ha to 3000ha) should be estimated with a standard error of at least five percent [173] 
p. 200. The five-percent accuracy requirement for wood volume is also valid for plantation 
forests as lined out in [221] for South Australian plantations. 
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Stock volume in forest stands (i.e. smallest forest management unit with an average size of 
three to four ha or smaller) contributing significantly to the harvested stock within the 
planning period should be rated with a standard error of five percent [173] p. 147. Here, 
additional measurements are inevitable to meet the required accuracy as only few 
inventory grid points fall within the limits of a single stand (dependent on the used 
inventory grid). Accuracy requirements on stand level are defined by the forest enterprises 
and depend on the respective forest conditions in a stand. In Finland, for instance, it is the 
rule that stand mean height and stand wood volume should be estimated with a maximum 
error between 10 and 15 percent [153]. 
A planning period for forest companies lasts usually 10 years and is also required for tax in 
Germany [173] p. 49. A forest inventory is therefore repeated every ten years. In case of a 
regular forest operating schedule (without large area storm damage), well documented and 
regularly updated harvesting activities as well as established forest growth models [288], 
forest inventory intervals can be extended up to 20 years [173] p. 351.  
In general, a steady update of forest inventory information is desirable, for instance by 
means of remote sensing [173] p. 355.  
Inventory data acquired in a ten-year cycle are relatively fast outdated. A stand-wise 
inventory performed only after harvesting measures, forest disturbances like storm throw 
or forest fires (dynamic forest inventory) could provide continuously up-to-date forest 
inventory data [96], [384], [336]. The forest development of a forest stand can then be 
extrapolated after an inventory by means of forest growth simulators [264] and monitored 
with remote sensing techniques [295].  
Sagl [304] p. 46 claims, that for the trade of forest property in Central Europe the required 
forest parameters (e.g. harvestable wood volume) are at best available with a standard error 
of 10 percent. Effort and costs for additional measurements to improve accuracy are 
usually too high. 
Generally, a remote sensing component is recommended for forest inventories [173]. Up to 
now, optical images (Landsat, aerial photographs) are the most important remote sensing 
information source for forest inventories in forest management and are mainly used for 
stand delineation [173], [291], [135] and [201]. Apart from aerial photographs and Landsat 
data, airborne LIDAR measurements start to become an important information source for 
operational planning in forest management [392]. This refers primarily to plantation forests 
but also to natural forests [278], [393] [300]. LIDAR is used for stand delineation, but it is 
also a means of quantifying wood volume for harvest planning and characterizing forest 
stands [300]. Forest management decisions of large forest enterprises like StoraEnso, 
Tembtec or Mondi already rely on LIDAR measurements [393], [300] [394]. LIDAR 
measures primarily tree and forest heights, which seems to be apparently sufficient for 
forest management issues. 
 
1.1.3 State of the art ground measurements  
The main objective of ground measurements is mostly to gather information about the 
stock volume V  occurring in a given area. For this purpose, it is fundamental to measure at 
least the diameter at breast height dbh  (diameter at 1.3m above the ground) for each single 
tree within a predefined reference area. In addition, the tree species has to be identified. In 
temperate and boreal forests, tree height is measured at only a few representative 
individuals [201] and [22]. The height of the unmeasured trees is derived from species-
specific height to dbh  relationships [201], [291], [287] [289]. Tree volume is then 
calculated as the volume of a cylinder corrected by a species-specific form factor specF  
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accounting for the tapered form of the stem and the relevant branches (> 7 cm diameter 
[291] p.7)  
 
specF
dbhhV
4
2  .     (1.1) 
 
Typically, the standard error for the volume of a single tree in a temperate forest is 
between 10 and 15 percent [291] p. 115. The main uncertainty emerges usually from the 
tree height measurements and the form factor. Under perfect conditions tree height can be 
measured with a standard error of one percent [291] p. 111 (by the use of trigonometric 
methods). Measurement errors are introduced by wrong distance measurements, wind, bad 
visible crown (arched crowns as found for deciduous tree, firs and pines) or leaning trees 
[287]. In the case of leaning trees the standard error of tree height may reach values 
between 12.5 and 14.4 percent [228]. The measurement error increases with stand density 
and tree height. Tree height measurements should be verified on harvested trees. 
As tree height is measured only in a small part of the collective, the height of the remaining 
trees is deduced from height - dbh  relationships. The accuracy depends on the number of 
height measurements and the variance of these heights. With a sufficient number of height 
measurements the height - dbh  relationship may be estimated with a bias on the order of 
one to two percent [291] p. 178. The standard deviation (or residuals) of the height - dbh  
relationship is species dependent [8] and increases with tree height. Prodan [291] p.177 
specifies the standard deviation of a height - dbh  relationship between approximately 4.5 
and 12 percent. Assmann [8] mentions for Norway spruce (picea abies) a standard error of 
5 percent and for beech (fagus sylvatica) and Douglas fir (pseudotsuga menziesi) a 
standard error of 8 percent. Bauer [16] reported 1.4 m standard deviation across all tree 
heights for tree height measurements acquired during a forest inventory, which 
corresponds to a height error of 13 percent for trees with a height of 10 m and a height 
error of 3.5 percent for 40 m high trees.  
In contemplation of the above facts, tree heights or forest height is estimated on a small 
scale or on plot level with a standard error between 5 and 10 percent, dependent on the 
sampling area, the tree species and the number of measured tree heights.  
In tropical rain forests tree height measurements are extremely difficult to perform, as the 
crown top is very difficult to see due to its arched crown form. In case a direct tree height 
measurement is not feasible, crown base height is measured. Total tree height is then 
derived from the assumption that the crown length equals 30 to 40 percent of the total 
height. Obtained tree heights are afterwards corrected by height to diameter relationships 
[150] p. 25.  
In some tropical inventories tree height measurements are omitted [56] pp. 31 and tree 
heights are deduced from general height to diameter relationships [380].  
Tropical forests are richer in species than boreal and temperate forests and each tree 
species is associated with a different form factor and a different wood density making an 
exact estimation of stock volume or biomass more difficult.  
The dbh  is usually measured in whole centimeters (values are rounded down) and can be 
considered as highly accurate. Errors are systematic (usually enlarged diameter due to 
jammed measurement device) and bias the dbh  measurements in positive direction [291], 
[8].  
On a large scale, the accuracy of the estimated forest parameters depends on the size of the 
single inventory plots and on the number of plots per area [201]. As long as there are no 
systematic or directed errors in the measurements, large scale estimates of forest stock 
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volume or mean forest height can be considered to be very accurate [291], [201]. But often 
the spatial information (e.g. 2-D distribution of stock volume) is more important than high 
statistical accuracy on large scales. The spatial information of a plot based forest inventory 
can only be used where the sampling grid is smaller than the spatial heterogeneity of the 
forest [242].  
Often permanent inventory plots are used. Then, the same plot and if possible even the 
same trees are periodically remeasured. Permanent inventory plots produce unbiased 
estimates of forest growth and document harvesting activities [173] p. 201. 
Forest inventory data from forest enterprises are usually not publicly available. 
 
1.2 Observation requirements: parameters, temporal and spatial 
resolution 
 
In awareness of its role in the global carbon cycle, the general interest in the world’s forest 
has grown immensely. Forests release carbon in the atmosphere by deforestation and forest 
degradation and take up carbon from the atmosphere through afforestation and sustainable 
forest management [65].  
Nevertheless, forests are naturally more than just carbon. 31 percent of the total land area 
is covered with forests and forests represent one of the ecosystems with the highest 
biodiversity on earth. Forests also provide employment and livelihood, including food, for 
a large proportion of the population particularly in developing countries. Furthermore, 
forests supply the natural resource timber. Forests are large drinking water reservoirs, 
alleviate flooding events and protect soils from erosion, especially in sloping terrain. They 
protect the valleys from avalanches, filter the air, provide a balanced climate to adjoining 
open land and urban areas and contribute to the global climate processes. Forests are also 
large recreational areas for human beings and provide habitat for numerous animal and 
plant species. At the same time some forest types are highly endangered ecosystems and 
must be protected [172], [377], [24] and [361]. 
On-going uncontrolled deforestation, large area forest degradation, unsustainable forest 
management and the changing climate compromise the forest functions and the forests 
themselves. To preserve the forests and to maintain the forest functions for the future, a 
regular survey of the conditions of the world’s forests is unavoidable [24].  
Therefore each nation developed its own National Forest Inventory system (NFI) tailored 
to their needs but also to their funding constraints [37].  
Remote sensing measurements from spaceborne sensors are an essential supplement or 
even an alternative to NFI for a global forest monitoring (dependent on the requirements of 
an NFI). Of course forest parameters deduced from remote sensing never achieve the 
accuracy of ground-based inventories. However, the big advantage of remote sensing is 
that the spatial information can be used i.e. the information provided is continuously 
available all over the acquired area. The measured parameters and changes in the measured 
parameters can be spatially associated. As forest parameters were acquired globally by 
means of the same method, the findings would be easily bilaterally comparable. Hence, 
global statements on the forest status and forest development are more representative. 
Naturally, the used remote sensing method must be reliable and needs to be validated 
regularly by means of ground measurements of as many forest types as possible. 
 
1 Introduction  
 
7
1.2.1 General requirements for a remote sensing based forest monitoring 
Requirements for forest monitoring depend on purpose and user. Different applications 
demand different requirements and different user groups have different demands on the 
accuracy for the same application (see previous section) [174]. The requirements for 
various applications and different user groups are given below.  
For most applications and user groups stock volume, biomass or carbon stock, occurring 
on a defined area as well as changes in stock volume are the key parameter in forest 
monitoring.  
Framework conditions demanded for a remote sensing system for forest monitoring are 
[81], [109]: 
 low cost or free of charge data availability, 
 long term continuity in the acquisition of new data,  
 long future life span and  
 if possible past data recordings for change detection. 
If global coverage is desired (comparison on national level), short repeating cycles are 
helpful [109]. Time series of remote sensing acquisitions should take into account the 
seasonal dynamics of the land cover [230], [383]. 
 
1.2.2 Forest management 
Regular forest management has probably the most detailed demand for information about 
the state of a forest. Here, remote sensing may be only a complementary information 
source, in addition to the ground measurements, in the operational planning. Basic 
information is the amount (i.e. volume) of harvestable wood for each tree species [173]. 
Information about wood quality, forest health or regrowth is either difficult or not at all 
obtainable from remote sensing, so far.  
In [173] p. 200 and [221] the standard error of the mean mean  for stock volume on stand 
level is set at five percent. Consequently, the requirements on spatial resolution depend on 
stand area and the accuracy (i.e. standard error Pixel ) of a stock volume estimate per 
resolution unit. For instance, assuming a homogeneous composed stand with an area of 3 
ha (mean stand size for temperate forests [173]) and an unbiased estimate of stock volume 
with a standard error of 20 percent (taken from [125]) then according to  
 
N
Pixel
mean
        (1.2) 
 
a spatial resolution of 43 m x 43 m or 0.18 ha is required. In boreal forests, accuracy 
requirements on stand level with a mean  of 10 to 15 percent seem to be more relaxed [153], 
at least in the case of Finland. Stock volume estimates should be updated in a five to ten 
year cycle or contemporarily after harvesting events or wind throws [289], [173], [384]. 
Another important parameter in forest management is the site quality class of a forested 
area. The site quality is an estimate of the potential productivity of a forest site [291], 
[289], it is species dependent and can be deduced from the forest height, stock volume or 
biomass in a given age [289] p. 307. But the real productivity of a forest, depends beside 
site quality also on the logging scenario and small scale differences in the water and 
nutrient supply.  
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Differences in site quality arise from different heights at the same age for the same tree 
species. In primary forests when the age is unknown, site productivity for the prevailing 
tree species can also be deduced from the occurring biomass per unit area [227]. 
Yield tables reflect stand productivity for different site quality classes [18]. While some 
yield tables refer to the forest mean height, others refer to the forest top height [9]. The 
height difference between two site quality classes depends on age and tree species. In 
“Hilfstafeln für die Forsteinrichtung” [18] are yield tables for several temperate tree 
species listed. Across all tree species and age classes listed in [18] the smallest height 
difference between two site quality classes is 10 percent of the reference height. Half steps 
between two site quality classes have a height difference between six and ten percent of the 
reference height. A proper assignment of a stand to a certain site quality class, or half step, 
requires that the reference forest height should be estimated with an accuracy ( mean ) half 
the difference between two site quality classes [335]. 
Assuming a height difference of seven percent of the reference forest height between two 
site quality classes ( mean  = 3.5 percent), a homogeneous composed stand with an area of 3 
ha and an unbiased estimate of forest height with Pixel  = 10 percent (taken from [125]), 
then a spatial resolution of 60 m x 60 m or 0.36 ha is required. If the forest height estimates 
are affected with a standard error of 20 percent, then a spatial resolution of 25 m x 25 m or 
0.07 ha is required to meet the demanded accuracy.  
Site quality estimates acquired through forest height estimates based on remote sensing 
become problematic in mixed forest stands. Therefore, the increase of forest height during 
a given time period (five to ten years) may be used as a measure to estimate site quality, 
but only if no harvesting activities have occurred. The measurement error should be clearly 
below the estimated forest height change [174].  
The examples above do not take into account mixed pixels between two neighboring forest 
stands. In order to largely avoid mixed pixels the calculated spatial resolutions is too 
coarse and should be increased by 10 to 30 percent, dependent on the form of the stand 
[335]. 
Monitoring of forest operations in production forests including unexpected events like 
salvage logging after insect calamities and storm damage requires a yearly update. 
 
1.2.3 Forest monitoring on national and global level 
Forest monitoring on national level (national forest inventory) should give an overview of 
the forests’ status of a country and is only inspected at random. It should provide 
information whether forest functions are preserved for the future and a sustainable forest 
management is granted. It should further be used to estimate national wood supply and to 
control harvesting concessions [24], [29], [348], [361], [362], [363]. A national forest 
inventory is usually repeated in a five to ten year cycle. However, this is country-
dependent.  
Monitoring in the context of NFI’s or a global forest monitoring can be defined as 
systematic observation and documentation of the status of the forests in regular time 
intervals. Changes should be documented as well. 
Stock volume per tree species is again one of the most important outcomes. Stock volume 
should be estimated with a standard error within the range of one percent on national level 
[23], [109].  
Forest area is also a major result of a national forest inventory [174] and should be 
estimated with an accuracy of 10 percent, considering a spatial resolution of 0.5 ha [109].  
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The most complete overview of the status of the world’s forest is given by the UN-FAO 
“Global Forest Resources Assessment” [37], [67]. The report was requested by the member 
countries of the FAO and summarizes data from national forest inventories all over the 
world. This “global forest inventory” was performed to gather information about the 
dimension of global forest resources and the rate of deforestation in order to evaluate forest 
benefits, forest functions as well as the economic and environmental dimensions of forest 
resources and biodiversity [37][65], [67]. 
Merging inventory data from different countries may bring up several handicaps as 
national forest inventory systems, stock volume definitions or biomass estimates and forest 
definition differ from country to country [367], [109], [174] and [81]. A global remote 
sensing approach for forest parameter estimation would overcome these constraints and 
would deliver harmonized information on forest change and land use dynamics on a global 
scale [81].  
FAO’s main expectation from a forest monitoring system is the documentation and 
statistical evaluation of changes including information on land use dynamics and forest 
maps [81]. Most important for the future are reliable and yearly updated forest non-forest 
maps.  
FAO recommends a spatial resolution of 20 m to 30 m and acquisitions with optical 
systems complemented by SAR if no cloud-free optical images can be acquired. A remote 
sensing based sampling design could as well be sufficient, as demonstrated by the FAO 
remote sensing survey [82]. In this process a sampling grid of one degree by one degree 
(geographic coordinates) was used. At each sampling point a 10 km by 10 km Landsat 
scene was evaluated. 
FAO seeks for an annual or biannual update of the “Forest resource assessment” mainly 
supported by remote sensing data [81]. 
For the detection of illegal logging a monthly or even more frequent monitoring with high 
spatial resolution is required [81]. Forest degradation or illegal logging may be identified 
directly by detecting canopy gaps, clearings or indirectly by mapping roads, logging tracks 
and log decks. According to the GFOI report [109] requires the mapping or Forest 
degradation very high resolution data with spatial resolutions on the order of 5 m which is, 
at least for tropical forests, equated to single tree detection [103]. Another method to 
discover forest degradation is to detect changes in vertical forest structure [109].  
 
1.2.4 Disaster monitoring 
A fast detection of the extent of forest disturbances is the key issue to prevent from further 
disturbances and to clear up the damages caused. In [109] a spatial resolution of 0.5 ha is 
demanded for near real-time forest change detection with bimonthly coverage of the 
endangered areas. Similarly, Hall states in [126] that for carbon flux monitoring high-
resolution imagery is required soon after a disturbance event before the area recovers 
significantly (after one or two years significant regrowth could have already appeared in 
some regions).  
Knocke et al. [173] pp. 149 underlines the usefulness of aerial photographs for the 
evaluation of forest disturbances (high resolution, rapidly available).  
Spatial resolution for disaster monitoring should be on the order of 20 m to 30 m [81] but 
better than 70 m (0.5 ha) [109]. 
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1.2.5 Forest fires: 
The monitoring of forest fires requires for an initial fire-fighting full cover monitoring of 
endangered areas in rather short time intervals, preferably several times per day with heat 
sensitive sensors [81], [387]. In order to assess the damages induced by a forest fire burned 
areas, burned vegetation and slightly burned vegetation must be clearly detected [174]. 
 
1.2.6 Storm damages 
After damages caused by storm or wind throw a fast detection of the extent of the affected 
areas is necessary for the operational planning in a forest enterprise [260]: At first, it is 
important to build up the logistics for a fast clean-up of the affected areas, the following 
step is to avoid additional biotic disturbances in the neighbouring areas ([321] p. 60, [3] p. 
229) and preventing a biotic-induced wood devaluation [290].  
Within 24 hours an estimate of the damaged area with an accuracy of 20 percent should be 
available including a rough estimate of the damaged stock volume [260]. Two weeks after 
a storm event an estimate of the damaged stock volume is demanded with an accuracy of 
20 percent [388]. 
In unmanaged forests and remote forest areas the fast quantification of damage is of only 
minor importance.  
 
1.2.7 Forest certification 
A Forest Certification should ensure a sustainable and professional forest management. 
Therefore, requirements for two representative certification systems are reviewed: FSC 
(Forest Stewardship Council) [94] and PEFC (Programme for the Endorsement of Forest 
Certification) [275]. 
The proof that the criteria for a certification are met is in the responsibility of the forest 
enterprise. The forest enterprise needs to gather the required information and provide it to 
the certification organization. The control of certification criteria is done by means of a 
random sampling. 
Important and remote-sensing relevant criteria for a successful certification are that: 
 valuable ecosystems are preserved,  
 sustainable logging is performed,  
 depending on the forest ecosystem, clear-cuts should be avoided 
 a certain proportion of primary forest is being conserved and  
 appropriate and naturally occurring tree species are replanted. 
A remote sensing supported control of the certification criteria requires a monitoring of 
upcoming changes once per year, particularly for sensitive areas. This includes the 
detection of clear-cut areas. A qualitative measure could already be sufficient. Moreover, 
wall-to-wall maps of forest height and changes in forest height could be a proper solution 
for an adequate control. Detection of structural changes, changes in stock volume and the 
identification of tree species or tree species groups would as well be helpful. Requirements 
for spatial resolution are similar to the requirements for forest management but should at 
least amount to 70 m x 70 m (0.5 ha) [109]. 
The detection of clear-cuts in Central Europe (according to FSC a minimum deforested 
area of 0.3 ha [322]) would require a spatial resolution of 20 to 30 m for forest/non-forest 
monitoring. 
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1.2.8 REDD 
REDD (Reducing Emissions from Deforestation and Forest Degradation) is a mechanism 
established within the United Nations Framework Convention on Climate Change 
(UNFCCC) [138]. Its two main objectives are to mitigating climate change by reducing 
carbon emissions induced by forest degradation and deforestation through enhanced 
sustainable forest management in developing countries. REDD provides a financial 
incentive for climate protection activities in developing countries. 
The implementation of the REDD mechanism requires a regular quantitative monitoring of 
the status of the forests of a country [83] p.62. Basic requirements for a forest monitoring 
in the context of REDD are [109]:  
 classification of the forest into 3 classes: primary forest, modified natural forest and 
plantation forest (each class can be assigned to a biomass value),  
 forest/non-forest monitoring to detect deforestation [110], 
 detection of forest degradation and 
 documentation of enhancement in C-stocks. 
Remote sensing products used for a forest monitoring in the frame of the REDD 
mechanism need to be comparable over time (i.e. consistent time series over many years) 
and should be continuously available in the future [110], [133], [134]. Changes in forest 
area should be mapped with a spatial resolution of 30 m on an annual basis [110]. 
Quantitative monitoring for carbon storage change detection and forest degradation relies 
so far on national forest monitoring systems [108] and is therefore highly variable from 
country to country [83], [174]. Monitoring of forest degradation driven by remote sensing 
would then require forest structure change maps with a spatial resolution of 0.5 ha on an 
annual basis [109]. Quantitative monitoring of carbon storage (i.e. biomass) and carbon 
storage change requires a spatial resolution of 0.5 ha and should be repeated every five 
years [109]. 
 
1.2.9 Carbon storage estimation 
Global mean surface temperatures have risen between 1906 and 2005 by 0.74° C [351]. A 
central concern in the climate- change discussion is the increasing atmospheric carbon 
dioxide content. Therefore, estimates of carbon fluxes between atmosphere, land surface 
and ocean are of major interest for global climate change predictions’ and climate 
modelling. Only 15 percent of the terrestrial carbon pool is stored in above ground 
vegetation, the rest is mainly bound below ground in plants and in the soil [58]. 
Approximately 25 to 30 percent (2.6 PgC/year) of the global human induced carbon 
emissions are taken up by terrestrial ecosystems (mainly by forests) [102], [265]. The 
vegetation carbon pool is with 2000 PgC, 75 percent thereof are stored in forests and is 
therefore of special concern because deforestation may induce a direct release of the stored 
carbon into the atmosphere [64].  
Approximately 10 to 15 percent (0.8 – 1.6 PgC/year) of the global carbon emissions are 
released by changes in land use (mainly by deforestation and forest degradation) [145].  
Estimates of fossil fuels, land use change, terrestrial sinks, ocean uptake and atmospheric 
storage come from various data sources and are uncertain to various degrees [126]. Up to 
now estimates of terrestrial carbon fluxes are not based on direct measurements [381] so 
that carbon sinks cannot be locally assigned especially in less documented (monitored) 
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forest regions. A major source of uncertainty is the lack of spatially specific estimates of 
biomass [141], [143]. Therefore, questions that are still need to be answered are:  
 Will the terrestrial carbon uptake be stable, increase or decrease in the future [381], 
[157]? 
 How long the terrestrial carbon sinks will act as sinks [381]? 
 How much carbon will be released when forests are changed to other land use types 
[142]? 
Very useful in order to answer these questions are regularly acquired, spatially resolved 
global biomass maps. But remote sensing is only sensitive to aboveground biomass and 
changes in above ground biomass. Therefore, estimates of carbon stored in the soil needs 
to be deduced from laws of allometry or empirical relationships. The Global Forest 
Observation Initiative (GFOI) [109] claims that the estimation of biomass and change in 
aboveground biomass is considered to be from a remote sensing point of view in a very 
early phase. However, even annual maps of disturbances or deforestation could help to 
identify unknown terrestrial sinks due to recovery from such disturbances [126]. Imagery 
of disturbed area is needed before significant recovery for carbon flux monitoring [126]. 
A big step forward in improving the estimates of the global carbon fluxes would be to 
reduce the uncertainty of terrestrial net flux (+-0.9 PgC/year [102]) to the uncertainty of 
the net carbon uptake of oceans (+- 0.5 PgC/year).  
In [126] is postulated that biomass measurements for carbon flux characterization must 
focus on estimates of biomass losses and biomass gains rather than on exact estimates of 
the biomass level. Biomass change should be estimated with a standard error lower than 19 
percent.  
Estimation errors of biomass fluxes are minimized when important scales of vegetation 
dynamics match the spatial resolution [149], [144]. Similarly, the required resolution for 
the mapping of deforestation processes depends on the size of patches of change in land 
use and may range from 30 m to 1 km [144]. For instance deforestation in the amazon 
basin appears at a scale of 1 ha and below [126]. In [175] was argued that a scale of 
roughly 1 ha is best suited for height-biomass allometry in tropical forests. 
Requirements for a global carbon and carbon change monitoring of the terrestrial 
vegetation vary depending on author and user community.  
Hall et al. [126] requests ideally a spatial resolution of 1 ha and a global monitoring once 
per year in order to track carbon fluxes. He thus adds that a spatial resolution of 1 km by 1 
km with a 20 percent accuracy of the biomass estimates can already provide superior 
information about global carbon fluxes. 
GFOI [109] demands a spatial resolution of 0.5 ha for biomass monitoring repeated in a 
five-year cycle, as observation intervals on the order of one year are according to 
Houghton in [144] too short for forest growth estimation.  
ESA’s earth observation programme board [63] lists observation requirements for a global 
biomass mapping from two user communities. The carbon research community requires a 
global biomass with 10 percent accuracy once per year and 1 ha spatial resolution. The 
Global Climate Observing System requires 5 percent accuracy at 10 to 30 m spatial 
resolution yearly.  
 
1.2.10 Other applications  
In addition to the above listed applications, several rather scientific applications such as 
process studies in ecology, forest growth studies [287], [289] or habitat [106] and 
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biodiversity mapping [53] would require wall-to-wall maps of forest parameters with 
different spatial resolutions. Studies on stand level require spatial resolutions on the order 
of 3 to 5 m and on landscape level a spatial resolution better than 30 m would be required 
[126], [19]. High repetition rates as well as global coverage are usually not required.  
 
1.2.11 Summary user requirements 
Forest monitoring requirements are strongly user or application dependent and therefore 
highly heterogeneous.  
A remote sensing system for forest height or biomass estimation and being able to 
contribute to most of the before mentioned topics should provide products at a spatial 
resolution of 30 m x 30 m, a spatial resolution of 70 m x 70 m may also be useful for most 
of the relevant forest monitoring applications. A yearly update of forest height or biomass 
(i.e. stock volume) is for most applications sufficient including forest change detection. 
Detection of disturbances like wind throw or illegal logging requires much faster repetition 
cycles on the order of months or even weeks or acquisitions should be carried out on 
demand.  
Estimation accuracy of forest height and forest biomass (stock volume) depends on the 
spatial unit (forest stand, forest enterprise or country) at which the information is required. 
Usually, estimates should be unbiased. Accuracy of height and biomass estimates should 
be better than 20 percent. In case height is used for biomass estimation, accuracy of height 
estimates should be significantly better than 15 percent.  
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2 Forest height: relevance as single parameter 
 
This thesis is focused on the estimation of forest height by means of polarimetric SAR 
interferometry (Pol-InSAR). For this purpose, the significance of forest height as a single 
parameter in forest monitoring is subsequently pointed out.  
In traditional forestry, measures of forest height are used to calculate the stand volume (in 
combination with species information and dbh measurements), to determine the site index 
of tree species (in combination with stand age), to predict forest growth (in combination 
with site index and age) as well as to represent a target variable in species trial (progeny 
and provenance) and silvicultural experiments [201]. In summary, it can be stated that 
forest height can be used to characterize a forest in a quantitative and in a qualitative way.  
 
2.1 Definition of forest height 
 
There are several definitions in forest mensuration to address the parameter forest height 
(or stand height) [201]. 
 The mean height ( meanh ) is the arithmetic mean of all tree heights in a stand [291]: 
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 Lorey’s height ( Loreyh ) is a weighted mean height, the individual tree heights are 
weighed proportional to their basal area ig  with the total basal area G  [291]: 
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 Forest top height is the height of the dominant tree stratum i.e. the height of the 
most vital trees. There are several definitions for a forest top height [201], [291]. 
Depending on the definition the forest top height refers to:  
o the 100 tallest trees per hectare [119] 
o the 50 ( 50h ), 100 ( 100h ) or 200 ( 200h ) thickest trees per hectare [244] 
o dominating trees, defined as those belonging to Kraft’s classes ([30], [177]) 
1 and 2 [54] 
o the 20 percent thickest trees [375].  
These definitions for forest top height are certainly only a selection, but contain the most 
important definitions including 100h  which is used as reference for Pol-InSAR forest height 
estimates.  
The mean height meanh  is used to estimate stand volume, it is sensitive to thinning processes, 
thinning from below as well as thinning from above and to forest degradation. Thinning 
and forest degradation induce an increase or a decrease of meanh . Forest top height is less 
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sensitive to thinning, apart from the case that a large part of the trees forming the upper 
canopy layer is removed. Top height is therefore more suitable for predicting the site 
indices than meanh . 
Stand height is usually estimated by sampling with ground measurements [201]. 
 
2.2 Forest height for stock volume estimation 
 
The volume calculation of a single tree requires a height measure, a dbh  measure and a 
species-specific form factor (see Eq. (1.1)). Stand volume stockV  can be calculated by adding 
the tree single volumes in a stand or with an estimate of the mean forest height ( meanh ) of a 
stand, the mean dbh  ( meandbh ) of a stand, a species-specific form factor ( specF ) and in 
addition to the single tree volume calculation a density measure like basal area ( G ) or tree 
number ( N ) [201]: 
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which applies best for homogeneous forest conditions. Traditional height measures from 
the ground are costly and sometimes difficult to perform [201], [291]. Height estimates 
from another source (such as remote sensing) are therefore highly welcome for stand 
volume measurements.  
 
2.3 Forest height for site index evaluation 
 
Site indices are species-specific and can be used for indicating the productivity of a forest 
[291], [289]. Site quality is best characterized by forest mean height or forest top height 
[291] p. 596. In temperate forests strong thinning became standard in forest management, 
making forest top height a better indicator for site quality than forest mean height [289] p. 
308. Measures of forest top height may also prove useful for site quality estimates in 
tropical forests [364].  
However, in uneven aged highly structured mixed stands forest height loses its value for 
site quality estimation. Here tree development is beside site quality also dependent on 
internal competition [289] p. 308. In uneven aged mixed forests stand quality may be 
obtained from increase of forest height over a defined time span [289]. 
 
2.4 Forest height for biomass estimation 
 
A measure of forest height is highly demanded for reliable remote sensing based 
aboveground biomass (AGB) estimates, especially for high biomass regions [19], [247], 
[109].  
In the tropics it is often difficult or even impossible to accurately measure tree height from 
the ground [203] p.42. Therefore, remote sensing based forest height estimates would be an 
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essential contribution for reliable biomass estimates by themselves or in combination with 
other supplementary ground measurements [57], [148].  
Conventionally, biomass is estimated by multiplying stock volume stockV  with a (mean) 
wood density. In contrast, biomass estimates derived from forest height measures only rely 
on allometric relationships [242] either by an allometric function or by a multiplicative 
expansion factor. Allometric functions describe deterministic size relations ( x  versus y ) in 
organisms by a power function, the so-called “allometric equation”: 
 
cxay       (2.4) 
 
where, a  is known as the allometric factor and c  the allometric exponent [242], [20], 
[151]. For temperate forests Mette proposed in [242] the following height-biomass 
allometry: 
 
58.1
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where B  is the biomass, 66.1a , 58.1c  and al  the allometric level. The allometric level 
scales a set of allometric relations with the same exponent. In the height-biomass allometry 
it accounts for different densities (for instance induced by thinning), tree species and site 
conditions. The allometric level needs to be a priori known or has to be estimated from 
ground measurements. On regional (i.e. landscape) scale an average allometric level may 
be assumed (similar tree species composition, logging practices, management concepts and 
growth conditions). The allometric level decreases from climax tree species to pioneer tree 
species. A poor performance of height-biomass allometry is expected for loose canopy 
closure and highly heterogeneous forests [242], [240]. Of course, height-biomass 
relationships may be affected by several uncertainties like differences in tree density 
induced by different logging scenarios or different provision with nutrients and water or by 
a small scale mosaic of different site quality conditions.  
Similarly, Köhler [175] developed a height-biomass allometric relationship for tropical 
rainforest in Southeast Asia, which is based on simulated data but includes several 
disturbance regimes.  
In [32] and [33] forest top height H100 estimated from TanDEM-X interferometric data is 
used to estimate biomass at boreal forests by means of allometric relations. 
Several studies relate a remote sensing based forest height like height of the backscattering 
center, height of metrics or forest height obtained from a digital surface model (DSM) 
from LIDAR) empirically to biomass [246], [333], [334], [2]. Of course, the obtained 
height-to-biomass algorithms are site-dependent and may seasonally vary (backscattering 
properties change over the year) Publication V [198].  
 
2.5 Forest height for forest-non-forest mapping 
 
The area under forest cover is of major concern for forest policy, forest management and 
nature conservation [174]. However, forest definition differs from country to country, with 
different thresholds for minimum forest area, tree crown cover and minimum tree height 
[109] [174]. Wall-to-wall forest height maps enable to consider different thresholds for tree 
height or crown cover in forest-non-forest mapping. 
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2.6 Forest height for forest management  
 
Forest height maps allow a first evaluation of the forest conditions in a region, in order to 
assess the status of a forest in terms of erosion protection, avalanche protection, flood 
protection and as a drinking water reservoir [173], [30], [376]. They also provide a first 
assessment of the spatial distribution of the stock volume (or stage of forest development) 
in a region and give already a first idea of the overall stock volume [291], [162].  
Knowing the spatial arrangement of stands with different height and the forest height 
gradient at the forest corners, allows in combination with the tree species to assess the risk 
of storm damages of forested areas [321], [3].  
 
2.7 Forest height for change detection 
 
Regularly conducted forest height surveys (with remote sensing) may be used to provide 
forest height change maps [25].  
Decrease of forest height may be an indicator for logging activities or forest degradation. 
Nevertheless, a detection of logging events or forest degradation based merely on forest 
height is probably not sufficient, as some logging scenarios do not affect forest height 
[291], [287], [289], [201]. This could be overcome if, as an indicator for forest 
degradation, a change in canopy roughness is detected. Forest growth (i.e. increase of 
forest height) is more difficult to map and requires long observation intervals (five years 
and more) [144].  
After storm events or snow clearances, forest change maps are useful tools for a reliable 
assessment of the extent of damage (particularly in order to record the affected area and to 
get an idea of the quantity of the resulting timber) [256], [290].   
 
2.8 Forest height for spatial landscape modelling 
 
For many years landscapes have been shaped by men. Human impact split former forested 
areas into patches of fields, settlements and forest. Shape, spatial dimension (i.e. area, 
height) and spatial distribution of forestry land (i.e. patterns) are an integral part of 
ecosystem, microclimate and landscape modeling [245].  
Forested landscapes are also used as large recreational areas. The recreational value of a 
forest depends on the composition and dimension of the trees. For instance, high light 
forests are perceived as more beautiful, more aesthetic than low dense forests [305].  
Forest height maps would contribute to evaluate the ecological and recreational value of a 
region. 
 
2.9 Forest height for horizontal structure estimation 
 
Wall-to-wall forest height maps resolve the horizontal height distribution or the canopy 
roughness and may allow detecting gaps in the canopy. 
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Forest gaps are primary sites of seedling germination and seedling growth [30]. Different 
light and shade patterns and a better water availability change the balance of species. In 
gaps caused by fallen trees, additional to the slow growing shade-tolerant plants, fast 
growing high-light species appear. Therefore, the species’ composition in gaps depends on 
the gap type and gap dynamic. Forests rich in gaps are therefore rich in species, as well 
[147], [38], [53], [86]. Gap fraction deduced from forest height maps may be a good 
indicator for biodiversity.  
Horizontal height distribution or canopy roughness may provide information about tree 
competition of the canopy forming trees and could therefore contribute to forest growth 
models [287] p. 220 264, [104].  
Tropical lowland rainforests typically come with a two-layered canopy (bimodal forest 
height distribution). Above a 30 m to 35 m high closed canopy is a sparse layer of 
emergent trees [203] p.50. In addition, emergent trees occur usually in small groups or 
alone and are 40 m to 45 m tall (tropical Africa and Amazon Basin) but can also reach 
heights up to 60 m (only in South East Asia). The large crowns with crown radii on the 
order of 30 m can be easily detected in remote sensing based forest height maps, (e.g. 
Publication III [124]) which enable the detection of single emergent trees of the tropical 
lowland rainforest. Occurrence, number and height of emergent trees is a valuable 
information for biomass estimation (emergent trees contain up to 50 percent of the forest 
biomass [37]), but may be also used for forest characterization, for forest degradation 
detection and for forest disturbance detection [175], [150]. 
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3 Remote sensing systems and applications 
 
The term Remote Sensing appeared first in the 1960ies from geographers of the United 
States Office of Naval Research [329] and stands for a technique, which allows obtaining 
information about an object without getting in touch with it [170], [169], [135].  
Two main categories of remote sensing systems (RSS) can be distinguished: passive RSS 
and active RSS. Passive systems make use of the radiation of the sun, either reflected or 
scattered from the earth surface or emitted from the earth surface. Active systems transmit 
a signal and receive a backscattered or reflected signal and operate basically at frequencies 
where the natural radiation of the sun and of the earth is low [226].  
The following sections shortly introduce remote sensing systems (RSS) and methods 
contributing to the topic forest monitoring. In section 3.1 optical remote sensing is 
presented, in section 3.2 LIDAR remote sensing and in section 3.3 radar remote sensing. 
This should help to assess, compare and rate global forest height maps. 
 
3.1 Optical remote sensing 
 
Optical remote sensing methods are used worldwide for forest monitoring, the detection of 
deforestation and reforestation and for forest disturbance detection [320]. 
Aerial photographs are probably the most commonly used remote sensing product in 
forestry, as they have been available for a long time, they have a high spatial resolution and 
are easy to interpret. Traditionally, aerial photographs are used for stand delineation, forest 
area estimation and often for tree species estimation [173] p. 144, [135]. Stereoscopic 
acquired aerial photographs enable the use of photogrammetry.  
Coarser resolution optical images as provided by satellites like Landsat, RapidEye, 
NOAA-AVHRR, Spot, MODIS, ALOS-PRISM or IKONOS lose the single-tree 
resolution. Optical satellite imagery suffers from cloud coverage, particularly in the 
tropics. Therefore, acquisitions sometimes need to be repeated until a cloud free image can 
be recorded. 
 
3.1.1 Photogrammetry 
Photogrammetry exploits stereoscopic acquired optical images to calculate digital surface 
models (DSM) [201], [135]. Photogrammetric DSM’s with sufficient high resolution can 
be used to map tree crowns and detect changes induced by growth logging or disturbances 
[201], [243]. The detected height of a tree crown is resolution-dependent, coarser 
resolutions tend to underestimate tree crowns [201].  
If tree top and trunk base are visible, the tree height can be measured quite accurately with 
photogrammetry [201]. In combination with digital terrain model (DTM) from LIDAR, 
forest height can be estimated from photogrammetric DSMs.[339] 
 
3.1.2 Forest-non-forest 
Forest-non-forest mapping is an established technique with optical data [1], [5], [95], 
[129], [225], [266], [279], [331]. Landsat and NOAA’s AVHRR provide continuously data 
since the 1970’s [158], [235], and were used by the WRI (World Resource Institute) and 
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the FAO for forest-non-forest monitoring and land use change monitoring (i.e. 
afforestation and deforestation) [82], [66], [377]. Hansen et al [115] provides a global tree 
cover map based on MODIS with a spatial resolution of 500 m x 500 m. A global forest-
non-forest map as provided by FAO is shown in Figure 1 [65], [65] as deduced from 
Landsat and MODIS data [115].  
The first global forest cover change map was produced by Hansen [116] documenting 
forest cover change between 2000 and 2012 with time series of cloud free Landsat data.  
 
Figure 1: Global forest non forest map from FAO [65], [37] from Landsat and MODIS data © [2000] 
FAO 
 
3.1.3 Forest stratification with optical data 
Land cover classification has always been one major issue of optical satellite imagery as, 
for instance, the European land cover classification CORINE (Coordination of Information 
on the Environment) [49]. These classifications are generally able to map different stages 
of forest development and are therefore used for forest stratification [276], [337], [366] and 
forest disturbance monitoring [383], but have limited success in determining biomass in 
dense forests and in high biomass forests [107].  
Hyper spectral data with a sufficiently high resolution (i.e. on tree level) may be used for 
tree species identification or at least to identify different species groups [17], [372] pp. 
239. This works quite well for single-species forests but becomes problematic for mixed-
species forests. Coniferous and deciduous trees can be well distinguished in the near 
infrared [135]. Near infrared is also most suitable for fire scar detection [174] 
Forest stratification may be used to plan ground surveys. Knowing the prevailing forest 
classes enables an intelligent (i.e. adjusted to the forest classes) distribution of the ground 
measurement plots and may reduce the number of sampling plots [263]. 
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3.1.4 LAI from optical data 
Another parameter, typically derived from optical data, is the leaf area index (LAI) [335]. 
LAI is the ratio between the crown projection area and the corresponding leaf area. LAI is 
an important parameter in ecological modelling [287][280], [150]. Most optical sensors 
overestimate LAI [335]. LAI estimates from optical remote sensing usually saturate at 
values around 3 [335]. LAI values in forests start from 2 up to a maximum value of 16 (in 
the Pacific temperate rain forests). Most forest types have LAI values between 3 and 8 
[330]. Consequently, optical LAI estimates are not suitable for biomass estimation in 
forests.  
LAI is derived from vegetation indices like NDVI [372]. Vegetation indices may be also 
used to detect defoliation [332] and to monitor the phenological annual cycle [237]. Forest 
change detection with optical data has to take into account the phenological status. 
 
3.1.5 Biomass from optical data 
Optical data are not directly related to biomass [346], but biomass can be estimated 
assigning different forest classes to certain biomass values (primary forest, secondary 
forest, etc.) [335]. Biomass estimates from optical data are highly empirical and require a 
large effort and in situ reference measurements for calibration [335]. 
 
3.2 LIDAR remote sensing  
 
Forest characterization with LIDAR has recently gained much scientific and operational 
interest [222], [224]. Light Detection and Ranging (LIDAR) is an optical remote sensing 
system but is listed separately as it is an active optical ranging system. LIDAR is a tool to 
characterize vertical forest attributes such as tree height and vertical forest structure [379]. 
Two categories of LIDAR systems are shortly discussed in the following: small footprint 
LIDAR (up to 20 cm footprint diameter), which is only operational from airborne systems 
and large footprint LIDAR (25 m to 70 m footprint diameter), which can be operated from 
airborne systems as well as from spaceborne systems. Technical characteristics of LIDAR 
system are well summarized in [379], [234] and [14].  
 
3.2.1 Small footprint LIDAR 
Airborne small footprint LIDAR is an established technology for the generation of Digital 
Elevation Models (DEM) [14]: Digital Surface Models (DSM) include vegetation height 
and Digital Terrain Models (DTM) are elevation models without vegetation [234]. LIDAR 
DTMs’ over forested areas are with a standard error between 15 cm for flat terrain and 40 
cm for strongly sloped terrain fairly accurate [154].  
Swath width for airborne LIDAR forest monitoring is limited. LIDAR requires a close to 
nadir look angle, wider scan angles are problematic [155]. This limits the LIDAR swath 
width to some hundreds of meters (200 m – 500 m, dependent on flight height). 
Therefore, forest monitoring with airborne LIDAR is expensive and there is not sufficient 
capacity for a national forest inventory [109]. LIDAR forest height measurements 
(subtracting DTM from DSM) have been shown to be more consistent than field-based 
measurements [254] and can be used for forest growth or forest change detection [25]. 
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Forest height estimates from LIDAR measurements with low point densities (less than 1 
hit per square meter) tend to underestimate forest height, as the probability of a laser pulse 
intercepting the apex of a tree crown is relatively low [258]. LIDAR forest height estimates 
refer usually to the mean height or the Lorey’s height, sometimes data are maximum 
filtered to obtain a canopy top height [379].  
LIDAR acquisitions with a sufficiently high point density (five to ten hits per square 
meter) are used for single-tree detection including tree height, crown height and crown 
diameter [379]. Single-tree mapping is mostly limited to the trees forming the upper 
canopy, inferior trees are rather difficult to detect. Dense forest conditions (more than 900 
trees/ha) impede single-tree detection and the false alarm rate is growing [374], [201].  
Multi-echo or multi-pulse laser scanning systems (full waveform LIDAR) are able to 
detect vertical forest structure attributes [234]. Figure 2 shows examples for laser hit 
profiles as obtained from a full waveform LIDAR on the left for a less dense two-layered 
forest stand and on the right for a dense single-layered forest stand from the temperate 
forest site Traunstein (for test site description see Publication V [198]). 
In boreal forests LIDAR measurements are used for biomass estimation [105], [255], [4] 
[164]. Biomass estimation approaches rely usually on full waveform LIDAR data with 
high point densities or are based on height-biomass allometry when point density is low. 
Gobakken et al. [105] uses the percentiles of the height distribution of all laser hits within a 
predefined area (for instance the 90 percent percentile is the height containing 90 percent 
of the laser hits) to get biomass, the method from Kankare [164] applies a single tree 
detection approach for biomass estimation. Both approaches require a calibration or 
training with ground measurements. Height percentiles can also be used to estimate canopy 
LAI [233].  
Relationships generated between LIDAR data and forest parameters such as stock volume 
are often test site specific and therefore not generally applicable [379]. 
 
  
Figure 2: Full waveform LIDAR vegetation hits (Traunstein site – for test site description see Publication 
V [198]); green dots: first return; red dots: second return, blue dots: third return; left: less dense forest 
stand with second regrowth layer; right: dense single layered forest stand.   
 
3.2.2 Large footprint LIDAR  
Large footprint LIDAR systems are profiling systems and work on a sampling base. 
Fundamentals of large footprint LIDAR systems are for instance given in [108].  
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Figure 3 shows GLAS-ICESat (ICESat is part of NASA’s earth observing system) profiles 
acquired over tropical rain forest in the Amazon Basin. On the left is a profile with a 
dedicated ground peak, in the right profile, however, a ground return cannot be clearly 
identified, thus, the LIDAR does not penetrate down to the ground. Large footprint LIDAR 
provide point measurements of the vertical forest structure and forest canopy height – 
reference height is mostly Lorey’s height (see section 2.1) [117], [340]. 
LIDAR measurements from spaceborne systems are sometimes affected by clouds or fog, 
making the measurement unusable. Additionally, sloped terrain makes the interpretation of 
the backscattered profile a challenge [118]  
Canopy height from large footprint LIDAR is estimated by subtracting the height of the 
ground peak from the top of the canopy return in the waveform [108], [59]. However, a 
ground peak is not always visible in the profile as demonstrated in Figure 3 on the left.  
A global forest height map based on the combination of ICESat LIDAR measurements 
with optical (i.e. passive) remote sensing systems have been calculated and published by 
Lefsky et al. [224] and Simard et al. [328] with a spatial resolution of 1 km2. They use 
optical data to interpolate between the single LIDAR samples and reach an overall 
accuracy between 4.4 m and 6.1 m.  
Several authors use large footprint LIDAR height metrics (for instance the 90 percent 
metric is the height of the 90 percent cumulative energy) to estimate biomass [59], [223], 
[61] and achieve a mean standard error on the order of 20 percent on plot basis [108]. 
Biomass estimates rely on empirical relationships between LIDAR metrics and biomass 
and are mostly adapted to the test site, calibrated with ground measurements and therefore 
not generally applicable. 
Spaceborne LIDAR sensors have usually difficulties to remeasure exactly the same spot, 
making interpretation of changes between two acquisitions difficult.  
 
  
Figure 3: Profiles from large footprint LIDAR (ICESat – 65 m footprint) over tropical rain forest in 
the amazon basin; left: vegetation profile over a clearly visible ground peak; right: vegetation only 
profile, LIDAR does not penetrate down to the ground.  
 
3.2.3 LIDAR H100 
In this work forest height estimates from airborne LIDAR measurements are used to cross 
validate radar derived forest heights. Reference height for the radar height estimates is the 
upper canopy height H100 [238], [239], [242]. H100 is considered to represent the upper 
height of the tree crowns in a forest (see section 2.1) [201], [289].  
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Airborne LIDAR penetrates somewhat into the forest canopy and therefore underestimates 
the top vegetation height [277], [259]. An estimate of the forest top height H100 was 
obtained by taking the maximum LIDAR vegetation height within a 10 m by 10 m window 
Publication III [124], [11]. This allows compensating for the underestimation of the 
LIDAR forest height estimates. This method has been successfully used for small footprint 
(~15 cm diameter) airborne LIDAR systems with ~1 to ~4 hits per square meter.  
In Figure 4 LIDAR H100 was plotted against H100 calculated from ground measurements 
for the test site Traunstein - a temperate pre-alpine forest (a detailed test site description is 
given in Publication V [198]). Each point in Figure 4 represents LIDAR and ground 
measurements over a circular area with 25.23m diameter (corresponding to an area of 500 
m²) [338]. A correlation coefficient r² of 0.91 underlines the good agreement between 
LIDAR H100 and ground measured H100. Some LIDAR height estimates tend to 
overestimate the ground measurements, here adjacent trees extend their crown into the plot 
area and are therefore measured by the LIDAR. However, they are not measured on the 
ground, as the stem is outside the plot area. Furthermore, the geolocation of the ground 
measurement plots is affected by an error which can account for a displacement of up to 50 
m. Small errors may be introduced due to measurement errors in both, the ground 
measurements (human measurement error) and the LIDAR measurements (LIDAR missed 
the tallest trees) or by harvesting activities in the time span between the LIDAR acquisition 
(performed in September 2008) and the ground survey (performed in June, July and 
August 2008).  
 
 
Figure 4: Validation plot Traunstein test site (Lat: 47.86°, Long: 12.65° see Publication V [198]): 
ground measured H100 from July 2008 versus LIDAR H100 from September 2008. 
 
3.3 Radar remote sensing 
 
In contrast to optical waves, radar is sensible to the geometrical and dielectric properties of 
a sensed object.  
Radar (an acronym for Radio Detection and Ranging) systems operate in the microwave 
region of the electromagnetic spectrum [264] and generate a 2- dimensional reflectivity 
image.  
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Similar to the optical spectrum also the microwave spectrum is divided, dependent on 
frequency into several bands as summarized in Table 1. While Ku-band may still be 
affected by clouds and other atmospheric effects (i.e. snow and rain), all other frequencies 
starting from X-band pass the atmosphere widely unaffected and at the same time have the 
capability to penetrate into vegetation. The potential of penetrating into vegetation 
increases with decreasing frequency. Especially lower frequencies (e.g. L- and P-band) can 
provide 3-D structural information of vegetation or forest covers; they can penetrate into 
vegetation down to the ground, so that the signal contains information about the 
vegetation, as well as about the underlying topography [62], [170], [186].  
Figure 5 shows radar amplitude images acquired on the island of Borneo (Lat: -1.32°, 
Long: 116.72°) in four different frequencies (X-, C-, L- and P-band) of the same scene. 
Images were acquired with DLR’s airborne SAR system E-SAR [140]. The scene is 
dominated by grassland and different types of forest plantations (e.g. oil palm plantation, 
rubber tree plantations). In the lower right of the image a channel system for irrigation is 
located. A major forest area disperses from the middle of the image to the left. The dark 
areas in the upper part of the scene, mainly visible in the lower frequencies (L- and P-
band), are grassland. Radar brightness (i.e. scattering intensity) varies wirth frequency over 
forested areas as well as over fields. The backscattering of the fields or open areas 
decreases with increasing wavelength.  
 
Table 1: Radar Frequencies and Wavelength according to [368] 
 Ku-band X-band C-band S-band L-band P-band VHF 
Wavelength 2.40 – 1.67 cm 
3.75 – 2.40 
cm 
7.50 – 3.75 
cm 
15.0 – 7.5 
cm 30 – 15 cm 136 –63 cm 100 – 1 cm 
Frequency 12500 – 18000 MHz 
8000 – 
12500 MHz 
4000 – 8000 
MHz 
2000 – 4000 
MHz 
1000 – 2000 
MHz 
220 – 470 
MHz 
30 – 300 
MHz 
 
X-band C-band L-band P-band 
Figure 5: Radar amplitude images VV polarization in different frequencies acquired with DLR’s 
airborne SAR system E-SAR [140] over a scene composed of grassland areas and forest plantations in 
Indonesia east Kalimantan on the island of Borneo (Lat: -1.32°, Long: 116.72°).  
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Radar remote sensing contributes to several forest-related topics discussed below.  
 
3.3.1 Forest-non-forest: 
Forest-non-forest monitoring with SAR sensors is considered operational and can be used 
alone or to supplement optical forest-non-forest mapping [109]. A first global forest-non-
forest map from ALOS PALSAR data with 25 m x 25 m was presented in [326]. In [308] 
ALOS PALSAR multi-temporal data stacks were used for clear-cut detection in boreal 
forests of Scandinavia.  
Forest-non-forest mapping relies in most cases on the analysis of radar amplitude. As radar 
backscattering is highly dependent on terrain slope [358], a DEM (with sufficient high 
resolution) is required for a proper calibration and interpretation of the radar amplitude 
[326].  
 
3.3.2 Forest classification 
Classification with single channel SAR relies mainly on the radar amplitude while full 
polarimetric SAR (PolSAR) provides a total of nine parameters, embedded in three real 
and three complex parameters per pixel. Terrain and land use classification is arguably the 
most important application of PolSAR [208].  
Classification of single-pol radar data is similar to that of optical images; however the class 
separability is in general lower in SAR images than for optical images [109], [310].  
For the classification of polarimetric data several approaches exist. Wishart statistics are 
used in [206] to describe the statistical variation in PolSAR data, Cloude et al. [39] 
describes the statistics of a class by the three parameters entropy, alfa and anisotropy. 
These parameters respectively describe purity and type of a scattering mechanism as well 
as the number of scattering components. A model-based polarimetric decomposition 
identifies different scattering mechanisms like surface scattering, dihedral scattering and 
volume scattering, for instance the Freeman decomposition [92], [386].  
In contrast to the above-mentioned unsupervised classification techniques, supervised 
classifications train a classification algorithm with statistical characteristics of predefined 
land cover types [208], [84].  
Time series (i.e. temporal stacks) at the same or at different frequencies are commonly 
used for classification, as well [109].  
Large-scale classification of forests has been successfully demonstrated several times. For 
instance, Walker [371] used ALOS PALSAR data for forest classification of the Brazilian 
Amazon. In [137] a land classification map of Borneo including several forest classes was 
provided using dual pol (HH HV) ALOS PALSAR data.  
Detection of selective logging with high resolution TerraSAR-X is presented in [200], the 
detection of windthrow areas with TerraSAR-X is depicted in [236].  
Forest classification (i.e. open forest and closed forest) with interferometric data 
(interferometric coherence) was demonstrated in [319] and [307], Pol-InSAR forest type 
classification in [85] and [209].  
 
3.3.3 Forest height 
Several radar-remote sensing techniques provide estimates of forest height, wherein each 
forest height refers to another reference height.  
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3.3.3.1 Forest height estimates from DSMs 
Radargrammetry exploits, similar to photogrammetry, stereoscopic (i.e. with different 
incidence angle) acquired radar images for DSM generation [132]. In combination with a 
DTM (as for instance obtained from LIDAR measurements), DSMs obtained from 
radargrammetry may be used to get forest height estimates (DSM minus DTM), as 
demonstrated by Vastaranta et al. [365] and Raggam et al. [293] with TerraSAR-X data. 
In a similar manner forest height estimates are obtained from interferometric SAR (InSAR) 
data Publication V [198], [323]. With InSAR DSMs can be calculated [15] and may be 
used together with a DTM from another source to get an estimate of forest height, which is 
also called the height of the scattering center Publication V [198]. X-band is, due to its 
short wavelength, assumed to penetrate only marginally into forest canopy and is therefore 
most suitable for forest height estimates. Forest height estimates of temperate forests and 
mangrove forest with SRTM X-band are demonstrated in [370], [327] and [167].  
If a DTM is missing, some authors suggest calculating forest height by subtracting a P-
band DSM from an X-band DSM. P-band is due to its long wavelength assumed to have its 
phase center down on the ground [60], [11].  
Height information from radargrammetry and interferometry depends on the penetration 
depth. Mette [242] claims that X-band penetrates into the forest canopy and a P-band DSM 
does not match the absolute ground (shifted upward due to vegetation), therefore forest 
heights obtained from DSM’s are usually underestimated.  
3.3.3.2 Model derived forest height 
Another parameter obtained from SAR interferometry is the interferometric coherence i.e. 
the correlation between two image pairs [15] (see also section 4.3.4) it scales between zero 
and one. The interferometric coherence decreases due to temporal changes between the 
two acquisitions, system noise or when the vertical and horizontal components of the 
scatterers are differently projected into the two SAR images (due to the slightly different 
viewing angle of the two images). Decorrelation induced by vertical displacement of the 
scatterer between the two images is termed volume decorrelation and is nearly always 
observed over forested areas [382], [6], [113] and [15]. Generally, it can be assumed that 
volume decorrelation increases with forest height, however, volume decorrelation also 
depends on other physical attributes of the scatterer, as lined out below. 
Volume decorrelation is a function of the baseline configuration, forest height and the 
vertical distribution of the scatterers (i.e. vertical structure) at the given frequency, 
geometry and polarisation [113], [6], [46], [43], [352] and [354]. An estimate of volume 
decorrelation basically allows to invert vertical structure parameters as forest height 
assuming that all other non-volumetric decorrelation sources are corrected.  
In order to estimate forest height from a coherence measure, a realistic model of the 
vertical distribution of the scatterer along height is required. Such a model is provided by 
the Random Volume over Ground Model (RVoG) [10], [354], [40], [269], [267] and [268]. 
The RVoG assumes an exponential vertical backscatter function over a Dirac-like ground 
contribution (see Figure 1). The exponential backscatter function can also be interpreted as 
a mean extinction. The RVoG model introduces apart from forest height three more 
unknowns: the “extinction”, the position as well as the amplitude of the ground scattering. 
Therefore, a solution can only be obtained by increasing the number of observations. The 
concept of Pol-InSAR provides coherent estimates in different polarizations and allows 
forest height estimation [40], [269], [41]. First forest height results from L-band Pol-
InSAR in combination with the RVoG model over a boreal forest are shown in [269], [41]. 
Note that Pol-InSAR forest height estimates refer to the forest top height H100 [238], 
[242] and [239]. 
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Forest height and structure parameter estimation from polarimetric single- and multi-
baseline have been successfully demonstrated in a series of airborne experiments in natural 
as well as commercial, boreal, temperate and tropical test sites for different stand and 
terrain conditions: over tropical forest in L-, P- and X-band Publication III [124], [190], 
Publication V [198], Publication I [196], [271], over temperate forest in L-band , P-band 
and X-band [97], [219], [242], [188], Publication IV [218], [98], [257], [192], 
Publication V [198], [189], [220] and over boreal forest in L-, P- and X-band [212], [213], 
[214], [280], Publication II [281], [282], [283], [286], Publication IV [218], [205], 
Publication I [196], [220].  
 
 
Figure 6: Schematic representation of the RVoG with exponential vertical backscatter function for the 
volume and a Dirac ground contribution. 
 
3.3.4 Biomass 
3.3.4.1 Backscatter biomass relations 
Already during the early days of SAR remote sensing it was noted that the backscattered 
signal from a young forest with low biomass is weaker than the signal from an old taller 
forest with high biomass [378] 
Biomass estimation from SAR measurements relies mostly on empirical relationships 
between radar amplitude and biomass. Sensitivity increases with increasing wavelength. 
Authors generally agree upon that L-Band saturates somewhere between 40 t/ha and 
100/t/ha, and P-band between 120 t/ha and 200 t/ha [306], [345], [303], [166], [167], [166], 
[156]. Lower frequencies like VHF (see Table 1) as provided by the Swedish VHF sensor 
CARABAS are sensitive to biomass levels beyond 200 t/ha [91].  
Backscatter - biomass relationships usually vary with forest type frequency, test site and 
polarization [314]. Therefore, GFOI [109] claims a lack of consistency in backscatter-
based biomass estimates. 
In [309] hyper-temporal data stacks (> 100 acquisitions per year) are used to derive 
biomass estimates from C-band radar backscatter. Averaging over large data sets, acquired 
under different weather conditions and under slightly different incidence angles (speckle is 
reduced see section 4.1.3.3), seem to overcome the saturation limitations found in other 
biomass backscatter relationships. Santoro et al. [309] generated a stock volume map of the 
boreal zone from Envisat ASAR data with a resolution of 1 km x 1 km. Up to 300 m³/ha no 
saturation effect could be detected. 
3.3.4.2 Coherence biomass estimation 
Some authors relate the interferometric coherence empirically to biomass or stock volume 
[369], [176]. In [369] ERS interferometric coherence in combinations with JERS 
backscattering was used for biomass classification in the boreal forest of Siberia.  
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The decrease of coherence with increasing height was interpreted in [6], [7], [46], [307] 
with the Interferometric Water Cloud Model (IWCM) and was used for stock volume 
estimation.  
3.3.4.3 Height of the scattering center for biomass estimation 
The height of the scattering center derives from the subtraction of a LIDAR DTM from a 
SRTM or a TanDEM-X DSM. Scattering center heights are in [333], [334] related to stock 
volume and biomass of a boreal forest. In addition, the scattering center height depends on 
the penetration depth of the electromagnetic wave. Assuming that penetration is density-
dependent, forest stands with the same height but different density have different scattering 
center heights. Density is accounted for in the scattering center heights, making the 
scattering center height particularly suitable for biomass estimation. Nevertheless, the 
height of the scattering center may also change with different weather conditions, i.e. dry 
or frozen forests allow a deeper penetration of the radar or vice versa, wet forest conditions 
may result in a taller scattering center height Publication V [198]. Therefore, an algorithm 
for biomass estimations not only depends on the characteristics of the test site but also on 
the weather and environmental conditions.  
Treuhaft uses in [357] interferometric phase (phase center height) and interferometric 
coherence from TanDEM-X data to estimate biomass at a tropical forest test site in the 
Amazon Basin. 
3.3.4.4 Height to biomass 
Pol-InSAR height estimates refer always to the same reference height and can therefore be 
used for a general allometric height-to-biomass relationship [242], [32], [33]. The 
allometric level (see section 2.4) as required in [242] for successful biomass estimation 
may be either deduced from a few representative ground samples or from remote sensing 
derived structural parameters [31]. An approach that uses top height H100 for biomass 
estimation in boreal forests is introduced by Caicoya in [32], [33]. 
 
3.3.5 Forest structure 
An extension of conventional two-dimensional SAR imaging is SAR tomography. SAR 
tomography allows the reconstruction of the three dimensional scatterer distribution and 
was first demonstrated in [297]. The tomograms resolve clearly forest height, the tree 
crowns and the ground topography, as seen in the tomographic transect in Figure 7 [273]. 
The concept of SAR tomography is explicitly described in [256], [298], [297] and [311]. 
Several methods for resolving the three dimensional scatterer distribution have been 
suggested: Reigber et al. [297] suggests Fourier tomography, in [344] and [316] Kronegger 
product decomposition combined with Capon tomography is applied and in [355] Fourier 
decomposition/analysis is used. Most tomographic techniques need a large number of 
acquisitions (~5 depending on the required vertical resolution and unambiguous range 
targeted).  
Another method to access vertical structure is Polarimetric Coherence Tomography (PCT). 
PCT was introduced by Cloude in [43], [44] and [45] in [139] a new set of vertical 
structure function is proposed. PCT approximates the vertical distribution of scatterers by a 
set of predefined vertical structure functions. The used functions need to reflect somehow 
the true vertical backscatter structure. In [43], [44], [45], [284] and [285] the LeGendre 
polynomials are used. The number of LeGendre polynomials used for the reconstruction of 
the vertical distribution of scatterers depends on the required vertical resolution. 
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Figure 7: Tomographic transect (vertical power distribution) in a hilly area of the temperate forest 
Traunstein test site (Lat: 47.86°, Long: 12.65° – see Publication V [198]) [273]. © [2013] IEEE 
 
The more polynomials are required to describe the vertical backscatter function, the more 
interferometric acquisitions are needed. However, PCT requires usually less acquisitions 
than conventional tomography.  
 
3.3.5.1 Structure to biomass 
In [136] and [356] tomographic profiles (i.e. the vertical backscatter distribution) are 
directly linked with empirical relations to biomass by means of the backscattering 
coefficient at a defined forest height.  
Caicoya uses in [31] [34] and [35] vertical structure attributes in combination with forest 
height to estimate biomass and demonstrated his approach with ground measurements 
taken at temperate forest sites. 
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4 SAR principles  
 
A detailed description of SAR systems, data acquisition and processing can be found in 
[50], [62], [90], [262], [264], [146], [329], [130] and [347]. In the following, only a basic 
description of an imaging SAR will be given focused on concepts relevant for the 
understanding of this thesis. In section 4.1 the SAR principle is explained. Section 4.2 
introduces polarimetry and section 4.3 interferometry. A focus of section 4.3 is the 
interferometric coherence and non - volumetric decorrelation sources reducing the 
measured interferometric coherence. Finally, section 4.4 introduces Polarimetric SAR 
Interferometry (Pol-InSAR) – the combination of polarimetry and interferometry – as used 
in this thesis.  
 
4.1 SAR system characteristics 
 
4.1.1 Acquisition geometry 
Typical for Radar Systems is the side looking geometry as shown in Figure 8. Radar 
imaging systems are active systems: an electromagnetic pulse is transmitted by the antenna 
perpendicular to the flight direction (range direction); the pulse is backscattered from the 
ground towards the sensor and received by the antenna.  
Due to the side looking geometry pulses backscattered from scatterer closer to the antenna 
(near range) arrive earlier than the pulses backscattered from scatterer located more far 
away (far range). The time between transmission and reception t  corresponds to the 
distance R  between the scatterer and the antenna  
 
2
0 tcR       (4.1) 
 
where 0c  denotes the speed of light. The area illuminated with a single pulse is called 
antenna footprint.  
The antenna moves forward (i.e. in azimuth direction) and transmits pulses with a given 
pulse repetition frequency (PRF). In between the antenna receives the pulses backscattered 
from the scene.  
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Figure 8: SAR imaging Geometry 
 
4.1.2 Spatial resolution 
One of the most important quality criteria of imaging systems is the spatial resolution. It 
describes the capability of an imaging system to separate spatially two scatterers from each 
other. In the case of a SAR the resolution in range direction differs from the resolution in 
azimuth direction.  
4.1.2.1 Range resolution  
The range resolution rg  is given by the pulse length  : Two objects can be resolved if 
their backscattered pulses do not overlap (see Figure 9 left):  
 
2
* crg  .         (4.2) 
 
The resolution can be only improved by a shorter pulse length  .  
Range 
Azimuth 
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Range 
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Figure 9: Range Resolution: comparison unmodulated signal (left) versus modulated signal (right).  
 
In order to improve range resolution a frequency modulated pulse is often used: the 
frequency of the transmitted pulse changes linearly in time (see Figure 9 right). The extent 
of the frequency modulation is called bandwidth W . Frequency modulation requires 
further processing of the signal after recording by a matched filtering operation [169]. 
Then resolution in range becomes a function of the bandwidth: 
 
W
c
rg 2
 .        (4.3) 
 
The higher the bandwidth, the better becomes the resolution. For example, a bandwidth of 
100 MHz corresponds to a range resolution of 1.5 m.  
The ground range resolution ground  is the projection of the slant range geometry to the 
ground and depends therefore on the local incidence angle   and is given by 
)sin(/  rgground  .  
4.1.2.2 Azimuth resolution  
The azimuth resolution of conventional radar imaging system depends on their swath 
width. Two scatterers can only be resolved as long as they are not within the same 
footprint. Therefore, azimuth resolution becomes a function of the distance between the 
antenna R , the wavelength   and the length of the antenna D  
 
D
R
az
  .     (4.4) 
 
A long antenna reduces the beam width allowing a higher resolution, while a larger 
distance between antenna and scatterer results in poorer resolution.  
SAR systems operate in a coherent mode: beside amplitude information (related to signal 
strength) also phase information (related to distance measurement) is recorded.  
This allows to improve the azimuth resolution. The pulses backscatterd from a scatterer are 
received during the whole time the scatterer is illuminated by the radar footprint (see 
Figure 10). During azimuth processing all the energy received from the scatterer, 
distributed over the illumination time, is focussed: all pulses containing a contribution of 
the scatterer are coherently summed up [359]. For this the azimuth compressed signal )(tS  
is obtained by a convolution of the received signal )(ta  with a reference function )(tH : 
 
)(*)()( tHtatS     with   
222
0
4
)(
tvRi
etH
 

      (4.5) 
 
ΡrgRange ΡrgRange 
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where *  is the convolution operator, 0R  the minimum range distance when the scatterer is 
at broadside, v  the velocity of the platform,   the wavelength and t  the azimuth time. Eq. 
(4.5) is also called “Matched Filter”. 
Finally, the obtained azimuth resolution is independent of the distance between antenna 
and scatterer ( R ) and is only a function of the antenna length D :  
 
2
D
az  .       (4.6) 
 
The price to be paid is that with a smaller antenna the same amount of energy is distributed 
over a large footprint reducing the signal-to-noise level in the received data. 
 
Figure 10: Acquisition of a point scatterer along azimuth 
 
4.1.3 Effects in SAR images 
4.1.3.1 Incidence angle 
Typically the backscattered power depends on system parameters like frequency and 
polarizaiton and acquisition geometry parameters as the incidence angle but also on the 
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scatterer itself. The incidence angle 0  is defined as the angle between the incident radar 
beam and the surface normal (see Figure 11). Especially airborne systems deal with a huge 
variance of the incidence angle along the footprint, in the case of DLR’s E-SAR [140] 
incidence angle changes from 25° (near range) to 55° (far range). Along with the incidence 
angle also the scattering behavior changes [42], [317].  
4.1.3.2 Elevation changes 
Since the radar is side-looking, changes in terrain elevation caused either by topographic 
variations (mountains) or abrupt changes in vegetation height introduce geometric 
distortions. Considering forests two main effects can be observed (see Figure 11):  
Shadow results from illuminating a forest on a front side, while casting a shadow behind. 
This effect appears quite strong at higher frequencies like at X-band where the capability to 
penetrate in vegetation is low. Shadow regions appear as dark areas in the SAR image, 
corresponding to absence of backscattered power, but solely due to the system noise level 
of the radar sensor the intensity level may not be zero.  
Layover effects appear when the top of a forest corner is closer to the sensor than the 
bottom. In this case one resolution cell encloses scattering from the forest canopy as well 
as from the field (area) in front of the forest. Layover regions appear bright in the radar 
image.  
As already mentioned the signal S  received consists of two parameters: phase and 
amplitude. Alternatively it can be represented by its real x  and imaginary y  part: 
 
iyxS  .     (4.7) 
 
 
 
 
Figure 11: Acquisition Geometry: Shadow and Overlay effects in the case of a forest corner; R is the 
distance between scatterer and Antenna and θ0 the incidence angle  
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The phase   is given by the angle of the complex vector on the complex plane with the 
positive real axis 
x
y)tan( . The amplitude of the complex number ( A ) the signal strength 
(see Figure 12 left) is given by the length of the complex vector ( ²² yxA  ).    
 
   
Figure 12: left: Representation of a SAR signal as a complex number; Middle: Coherent sum of signals 
resulting in a strong signal; Right: Coherent sum of signals resulting in a weak signal. 
 
4.1.3.3 Speckle  
When, the size of a resolution cell is many times larger than the radar wavelength and 
many elementary scatterers are loacated within it [51], [186], the relative distances 
between the elementary scatterers depending on their random positions affect the phase of 
the received SAR signal. The total backscattered signal ( S ) received is given by the 
coherent sum of the signals scattered by each single scatterer ( iS ) within a resolution cell 
(see Figure 13 left) 
 
),(
1
ASS
N
i
i 

 .       (4.8) 
 
Eq. (4.8) can be represented in the complex plane as a vector sum (see Figure 12 middle 
and right). A strong signal is received if the signals of all scatterers within a resolution cell 
are added in a constructive way (see Figure 12 middle), while a weak signal appears if the 
single waves are added in a destructive way (Figure 12 right) or when backscattering is 
weak. As the locations of the scatterers within a resolution cell vary from pixel to pixel a 
granular noise pattern appears in SAR images, due to the induced amplitude and phase 
variation. Such scatterers are called distributed scatterer. Typically this scattering behavior 
appears at distributed scatterers including several natural scatterers such as forests and 
fields. If a resolution unit is dominated by a single scatterer then the returned signal is 
mainly dependent on the scattering behavior of this scatterer.  
Imaginary  
Part (iy) 
Real part (x) 
φ 
A 
Imaginary  
Part (iy) 
Real part (x) 
Imaginary  
Part (iy) 
Real part (x) 
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Figure 13: Scattering within one resolution cell, left: Distributed scatterer, right: Point scatterer 
 
The change in amplitude and phase from pixel to pixel (speckle) makes the measure of 
intensity in the case of distributed scatterer erroneous. A common approach to reduce 
speckle effects is to average several independent measurements. One possibility of speckle 
reduction is to divide the length of the synthetic aperture (i.e. the swath width along 
azimuth) into L  (number of looks) segments whereas every segment is processed 
independently and added to each other. The signal amplitude of the scene ( MLA ) becomes 
the mean value of the amplitudes (Sim) corresponding to the (total) illumination time of the 
scatterer by the SAR of all scenes added [252], [208]:  
 
 


L
i
imimimML ASL
A
0
,1  .       (4.9) 
 
This process is called Multilooking and goes along with a reduction in azimuth resolution. 
In a similar way Multilooking can also be implemented in range where samples 
corresponding to different Parts of the bandwidth are averaged. Note that in this case a 
coherent summation of L  images does not reduce speckle because this process is equal to a 
vector sum of the total number of scatterer within a resolution unit. With increasing 
number of looks the standard deviation   of signal amplitude is reduced by a factor of 
L [208], [252] and [248].  
 
L
SL
ML
          (4.10) 
 
where the ML  stands for the standard deviation of the multilooked image and SL for 
standard deviation of the single look (SLC) image. Figure 14 presents details of an 
acquisition over Traunstein site (see for test site description Publication V [198]) before 
(left) and after (right) multi looking using a time series of 30 acquisitions. 
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A B C D 
Figure 14: Details HH Amplitude Image Traunstein site (for test site description see Publication V 
[198]); A and C: single look images, B and D: the corresponding multi look images (combination of 30 
independent images/looks)  
 
4.1.4 Radiometric resolution 
The radiometric resolution refers to the capability of an imaging system, in this case of an 
SAR system, to separate two scatterers from each other based on the received intensity. 
The intensity is defined as the square of the amplitude ²AI   [170]. The radiometric 
resolution rad  [252] is defined as follows:  
 



 
I
I ML
rad
 10log10     (4.11) 
 
where I  is the expectation of intensity [170]. In SAR images intensity is exponential 
distributed [208], [252] so that expectation I  becomes equal to the standard deviation  . 
Then Eq. (4.11) can be rewritten using Eq. (4.10) as follows 
 



 
Lrad
11log10 10     (4.12) 
 
and the radiometric resolution becomes just a function of the number of looks L . 
 
4.1.5 Radar backscattering coefficient 
The radar backscattering coefficient  is defined as the ratio of the received intensity SI  to 
the transmitted intensity II  [170] 
 
2
2
I
S
I
I  .     (4.13) 
 
Relating the measurement to an area and normalizing it to the ground yields the radar cross 
section sigma naught 0  
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 


 
 sinlog10 100
azrg
       (4.14) 
where   is the local incidence angle which is a function of terrain slope and )sin(  projects 
the reference area from radar geometry to ground geometry. The unit of sigma naught is 
decibel [dB].  
 
4.1.6 Signal to Noise Ratio 
The potential of a radar system in detecting weak signals is limited by the noise level of the 
receiver [170]. The noise power ( TP ) basically originates from the thermal noise on the 
receiver and depends on the system bandwidth [51]. The Signal to Noise Ratio ( SNR ) is the 
ratio between signal power and noise level 
 
T
S
P
P
SNR         (4.15) 
 
where ( SP ) is the mean signal Power of the received unprocessed Signal and can be 
determined by the radar equation [358]. It shows that SNR is influenced by two classes of 
parameters, those which are determined by the design of the system and those determined 
by the acquired scene which is only expressed by 0 . 
 
4.2 SAR-polarimetry 
 
4.2.1 Polarimetry basics 
An important extension to single channel SAR remote sensing is by the utilization the 
vectorial nature of waves in terms of SAR polarimetry [274], [208], [46]. Polarimetry 
allows to discriminate different scattering mechanisms occuring within one resolution cell.  
SAR polarimetry investigates the way a polarized electromagnetic wave is modified by its 
interaction with a scatterer. Basic concepts of SAR polarimetry can be found in [208], [26], 
[27] and [28]. In the following a short introduction into SAR polarimetry is given. 
Electromagnetic waves, as the transmitted /received SAR pulses, are described by 
Maxwell’s equations. For the special case of constant amplitude monochromatic plane 
waves, propagation of an electromagnetic wave can be expressed as 
 
 rktieEtrE   0),(          (4.16) 
 
where k

 is the propagation vector, r the position vector, 0E

the amplitude and   the 
angular frequency f 2 . This can be simplified by representing the electric field in an 
orthogonal basis (x, z, y) so that the direction of propagation zk  .  
Polarization is related to the vectorial nature of electromagnetic waves and describes the 
orientation of the electric field vector in the plane perpendicular to the direction of 
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propagation as a function of time, spanned by any orthogonal polarization basis. Here the 
horizontal (H) - vertical (V) basis is chosen. 
The horizontal component (H) of E

 is projected on the x-axis while the vertical 
component (V) of E

 is projected on the y-axis. Then the expression takes the form 
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 
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
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
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),( 0
0
VV
HH
kztE
kztE
tzE 

          (4.17) 
where 

2k         (4.18) 
 
is the wavenumber that depends on the wavelength  . H  and V  are the absolute phase 
terms in the horizontal (H) and vertical (V) direction. Eq. (4.17) implies that the electric 
field is composed by two orthogonal sinusoidal waves with, in general, different 
amplitudes and phases at the origin  
 
 HHH tEE   cos0      (4.19) 
and 
 VVV tEE   cos0 .     (4.20) 
 
Accordingly, the electric field describes a parametric curve with three degrees of freedom 
(see Figure 15) the amplitude in the horizontal dimension HE0 , the amplitude in the vertical 
dimension VE0  and the phase difference VH   . Three types of polarizations can be 
specified:  
 Linear polarizations (see Figure 15 I + II): For Linear polarizations the phase 
difference 0 VH   while the Amplitudes HE0  and VE0  can have any values. For 
the special cases of horizontally polarized (see Figure 15 II) waves 00 VE  while 
for vertically polarized waves 00 HE .  
 Circular polarizations (see Figure 15 III): For circular polarizations 
ZnnVH  ,2 
  and VH EE 00  . Here the electric field rotates circularly 
around the z-axis (propagation direction). 
 Elliptic polarizations (see Figure 15 IV): Represents all other cases.  
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I   Linear Polarization; 0 VH   
 
II   Horizontal Polarization; 00 VE  
 
III   Circular Polarization; VH EE 00   
and  nnVH ,2 
  
 
IV   Elliptic Polarization 
Figure 15: Polarization stages; red: horizontal component of electric field; blue: vertical component of 
electric field; black: total electric field  
 
4.2.2 Jones vector and scattering matrices 
For describing the electromagnetic field in a complex vector form, the Jones vector is used 
[159], [160] 
 





V
H
i
V
i
H
V
H
eE
eE
E
E
E 

0
0

.     (4.21) 
 
The Jones vector expresses the electromagnetic field ( E

) in any orthogonal basis, in Eq. 
(4.21) the lexicographic polarization basis (horizontal and vertical) was chosen. A scatterer 
acquired in an orthogonal polarization basis can be expressed in any polarization basis by a 
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mathematical transformation and does not require any additional measurements [231], 
[232]. 
As shown in Eq. (4.13) the backscattered signal can be characterized by the backscattering 
coefficient   and its polarization state (Eq. (4.21)). The interaction of an electromagnetic 
wave with a scatterer generally modifies its polarization state. If a  is the polarization of 
the incident field and b the polarization of the scattered field then the radar cross section 
becomes polarization dependent  
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ab E
E

 .        (4.22) 
 
Eq. (4.22) does not exploit the complete polarimetric information of the vector nature of 
polarized electromagnetic waves. In order to take advantage of the full polarimetric 
information the concept of the scattering matrix that realtes the incident to the scattered 
Jones vector is used: 
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2221
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The term 
r
eikr  accounts for the propagation effects in amplitude and phase of the 
electromagnetic wave (r is the distance), S  is the 2 x 2 complex scattering matrix and ijS  
are the complex scattering coefficients where i  is the receive polarization and j  the 
transmit polarization [28]. In the horizontal- vertical basis the scattering matrix is given by 
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
 .         (4.24) 
 
The diagonal elements of S  are called co-polarized (incident and scattered polarization are 
the same), the off- diagonal cross-polarized (incident and scattered polarization are 
orthogonal to each other). The scattering matrix describes completely how the polarization 
of an incident wave is modified by the interaction with a scatterer and contains seven 
parameters (4 amplitudes and three relative phases. For monostatic scattering i.e. when 
transmitter and receiver are colocated the reciprocity theorem [42] forces the cross-
polarized channels to be equal VHHV SS  . In this case the scattering matrix is characterized 
by only five parameters (3 amplitudes and 2 relative phases). 
The total scattered power SPAN  is the sum of the absolute squares of S .  
 
222 2 HVVVHH SSSSPAN  .        (4.25) 
 
The scattering matrix is suitable to describe completely polarimetric deterministic 
scatterers. In contrast polarimetric stochastic scatterers consist of multiple scatterers (see 
Figure 13 left side) each with a different scattering matrix causing a depolarization of the 
backscattered field. Such scatterers require for a complete description a second order 
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formulation. For this the scattering matrix is vectorized to get a scatterer vector that 
contains the whole coherent polarimetric information [358].  
There are several basis sets that can be used for the vectorization of the scattering matrix. 
Most important are the lexicographic basis set which corresponds to a straightforward 
ordering of the system measurements and the Pauli basis set which allows a more 
straightforward physical interpretation by means of elementary scattering mechanisms 
(single bounce scattering, double bounce scattering and volume scattering). 
The scatterer vector associated with the lexicographic basis of a monostatic system is given 
by: 
 
  TVVHVHHL SSSk ],2,[

     (4.26) 
 
and the scatterer vector for the Pauli basis by: 
 
T
VHHVVVHHVVHHP SSSSSSk ],,[
2
1     (4.27) 
 
The Pauli basis can also be used as a first order representation of different scattering 
mechanisms. Then VVHH SS   represents surface scattering, VVHH SS   ground scattering and 
VHHV SS   volume scattering. An RGB color composite of the Pauli scattering mechanisms 
is shown in Figure 16 C for the Traunstein site (for test description see Publication V 
[198]) where red indicates dihedral scattering ( VVHH SS  ), green volume scattering 
( VHHV SS  ) and blue surface scattering ( VVHH SS  ). Volume scattering and a mixture of all 
three scattering mechanisms (white) seem to be the dominant scattering mechanisms over 
the forested areas. For comparison also an optical image (Figure 16 A) and the HH 
polarized intensity is added (see Figure 16 B) 
Eq. (4.26) and Eq. (4.27) are coherent representations of the scattering matrix and their 
norm equals the SPAN  of the scatterer (which explains the factors 
2
1  and 2 ). 
In order to compensate for the absolute phase term induced by the sensor-reflector path and 
to study the second order polarimetric statistics, i.e. the correlation between different 
polarizations the polarimetric covariance matrix and / or coherency matrix are introduced. 
The polarimetric covariance matrix is defined as 
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while the polarimetric coherency matrix as 
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where  denotes the expected value, implemented as spatial averaging, the superscript   
the complex conjugate transpose and the superscript *  the complex conjugate only. Both, 
][ 3C  and ][ 3T  are equivalent and can be transformed to each other by a change of base 
unitary transformation [42]. ][ 3C  and ][ 3T  contain nine independent parameters, three real 
power values, on the main diagonal, and three off diagonal complex correlations between 
the single elements of the scattering matrix S .  
 
 
A 
 
B 
 
C 
Figure 16: Traunstein site (for test description see Publication V [198]); A: optical image obtained 
from aerial photography; B: greyscale single channel SAR image in HH polarization; C: Color 
composite of the pauli basis (see Eq. 4.27) where red = dihedral scattering, green = volume scattering 
and blue = surface scattering 
 
4.3 SAR-interferometry 
 
Across-track interferometric SAR (InSAR) is a technique that provides topographic 
information by combining two SAR images acquired with slightly different incidence 
angles. SAR interferometry was probably first demonstrated by Graham [111]. The idea of 
SAR interferometry is explained in detail in [301], [15] and [114]. Here only basic 
concepts are introduced.  
 
4.3.1 Interferometric measurement principle  
A characteristic of SAR received pulses is a phase term that linearly depends on the slant 
range distance between the antenna and the scatterer. Through the combination of two 
SAR images of a scene separated by a spatial (across-track) baseline (see acquisition 
geometry in Figure 17) a phase difference can be measured and linked to topography [15], 
[114]. Before generating an interferogram, the two SAR images must be coregistered 
[249], [93].  
An interferogram IntS  is formed by multiplying one image 1S  by the complex conjugate of 
a second (coregistered) image 2S   
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*
21 SSS Int  .         (4.30) 
 
Then the interferometric phase   is given by 
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where Im  denotes the imaginary part and Re  the real part of a complex number. In an ideal 
case the interferogram formation cancels out the speckle phase pattern, but preserves the 
phase term dependent on the path length difference between the two images [301].  
InSAR measurements can be either made in a single pass mode or in a repeat pass mode. In 
the single pass mode, both images are simultaneously acquired, in the repeat pass mode, 
however, the two images are successively acquired with a given temporal baseline that can 
range from seconds to months.  
Moreover, the single pass mode can be further divided into monostatic and bistatic mode. 
In the monostatic mode the two antennas are operated independently from each other: each 
antenna transmits and receives. In the bistatic mode only one antenna acts as transmitter 
and both antennas receive simultaneously.  
A sketch of the across-track interferometric acquisition geometry is given in Figure 17. 
Two antennas 1A  and 2A  are separated by a spatial baseline B , which has a component 
perpendicular to the look direction, called perpendicular or effective baseline B  and   is 
the tilt angle of the baseline. 1R  and 2R  are the distances of the two antennas 1A  and 2A  
(i.e. slant range distance) to the scatterer P . 1R  can be calculated by the propagation time 
of the signal. The slant range difference R  can be calculated by 
 
12 RRR          (4.32) 
 
with 
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12   BRBRR .         (4.33) 
 
This can be reformulated as 
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  .    (4.34) 
 
If the baseline parameters B  and   are known, the look angle 1  can be calculated from 
Eq. (4.34) and terrain height Topoh  can be estimated as 
 
)cos( 01 RHhTopo       (4.35) 
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where H  is the height of antenna 1A  over the reference ground. In a conventional SAR the 
estimation of 1R  is rather imprecise and the estimation precision of Topoh  depends on the 
sampling frequency, i.e. the accuracy of Topoh  is on an order proportional to the image 
resolution. In general the method delivers only coarse terrain height estimates. InSAR 
allows a considerably finer resolution in vertical direction because R  is estimated by 
means of a phase difference and is therefore much more precise than each range distance. 
The two phases 1  and 2  of the signals 1S  and 2S  measured at each end of the baseline 
can be written as  
 
111
2 
  Rm      (4.36a) 
and 
222
2 
  Rm .     (4.36b) 
 
1  and 2  correspond to the scattering phase of the observed scatterer, m  accounts for the 
acquisition mode. For monostatic acquisitions 2m  while for bistatic acquisitions 1m . 
Assuming 21   , i.e. the same speckle pattern in both acquisitions, the interferometric 
phase   is given by: 
 
RmRRm  


 2)(2 2121 .    (4.37) 
 
But note that   is known only in modulo 2 . Phase unwrapping allows to overcome this 
problem. Phase unwrapping methods are described in [15] and [114].  
 
4.3.2 Flat earth 
Two points with different slant range coordinates but with the same terrain height are 
characterized by a phase difference in their interferometric phase known as flat earth phase 
Flat . This phase often needs to be removed before associating a change of phase to a 
change in terrain height. Flat  is induced by the difference in R  (see Eq. 4.32) between 
two consecutive range pixels ( 1R  and 2R ) under the assumption of a flat earth.  
 
)(2 21 RRmFlat  
      (4.38) 
 
After removal of the flat earth changes in the interferometric phase are in first order only 
induced by changes in the topography. The topographic phase Topo  is then given by:  
 
FlatTopo   .         (4.39) 
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Figure 17: Interferometric SAR acquisition geometry; H  is the height of the antenna 1A over ground, 
1R  the distance between 1A  and the ground point P , 2R  the distance between 2A  and P , 1  the 
incidence angle of 1A  at P , 2  the incidence angle of 2A  at P ,   is the difference between the two 
incidence angles 1  and 2  at P , B  the baseline between 1A  and 2A ,  the tilt angle of the baseline, 
B  the perpendicular baseline and R  is the difference in range from each antenna to P . 
 
4.3.3 Phase to height conversion 
The performance of quantitative interferometric techniques critically depends on the 
effective spatial baseline used for the interferometric acquisition(s). The parameter 
commonly used to express the effective spatial baseline is the vertical wavenumber Z  
approximated by 
 
1sin
2m 


 z .        (4.40) 
 
If the baseline B  is small compared to the slant range distance 1R , as it is the case for 
spaceborne interferometric systems where B  is on the order of some hundreds of meters 
and 1R  on the order of hundred kilometers, Z  can also be approximated by 
 
11sin
2m
R
B
z 
  .        (4.41) 
 
 is the angular separation of the two acquisitions in the direction of the resolution cell 
and B is the effective (perpendicular) baseline. The interferometric phase is then related to 
terrain height Topoh  by: 
 
Z
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where the vertical wavenumber Z  scales the interferometric phase Topo  to height Topoh . The 
height that corresponds to an interferometric phase change of 2  is called height of 
ambiguity ( HoA ) and is defined as: 
 
Z
HoA 
2      (4.43) 
 
4.3.4 Coherence 
Coherence is a statistical comparison between neighbouring pixels in two SAR images and 
measures the interferogram quality. The assumption 21    is not necessarily true when 
the vertical and horizontal components of the scatterers are differently projected into the 
two SAR images. Then the interferometric phase contains another phase term, the scatterer 
phase Scat  
 
ScatFlatTopo   21  .       (4.44) 
 
Scat  decorrelates the interferometric coherence but contains information about the 
properties of a scatterer.  
Let )(1 wS
  and )(2 wS
  be two interferometric images acquired with a given spatial and 
temporal baseline (see acquisition geometry in Figure 17). The unit vector w  indicates the 
polarimetric dependency, i.e. the polarization of the two images [352], [40]. The complex 
interferometric coherence )(~ wObs
  is given by  
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which includes both, the interferometric coherence (or correlation) coefficient 
)(|)(~| ww ObsObs
    and the (multi-looked) interferometric phase ))(~arg( wObs  . Coherence 
scales between 0 (no correlation) and 1 (total correlation).  
In practice, coherence is approximated by a spatial averaging of neighboring pixels [15]. 
Figure 17 shows the radar amplitude image (A), the interferometric coherence (B) and the 
interferometric phase of a TanDEM-X acquisition over Traunstein site (for test description 
see Publication V [198]). Coherence over forested areas is due to volume decorrelation 
(extensively discussed in section 5.1) significantly lower than over agricultural land. 
Changes in the interferometric phase in Figure 17 C reflect changes in the topography.  
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A 
 
B 
 
C 
Figure 18: TanDEM-X acquisition over Traunstein site (for test description see Publication V [198]) 
from 2013-05-18 in HH polarization; A: greyscale radar amplitude image; B: interferometric 
coherence scaled from 0 (black) to 1 (white); C: interferometric phase scaled from   (black) to   
(white). 
 
4.3.5 Coherence and phase statistics 
The estimation accuracy of the measured coherence )(~ wObs
  depends on the underlying 
coherence level and is given by the standard deviation of its magnitude )|,~(| LObs   and 
phase )|,~(| LObs . Both are defined by the coherence level |~| Obs  and the number of looks 
L  used for the estimation of Obs~  [15], [349], [350], [161], [207]  
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with )~arg( Obs   and }{E  is the expectation value of  , (...)12 F  a hypergeometric function 
and (...)  the Gamma function. The expectation value of Obs~  is given through  
 
 22223ˆ2 ˆ)ˆ1)(ˆ;1,1;,,2()( )2()( ObsNObsObs ELLLFLLObs   


 
   (4.47) 
 
where  |~| ObsE   is and (...)23 F  a hypergeometric function. The expectation value of  |~| ObsE   is 
described by [349]:  
 
  NObs LLLFLLE )1)(;1,2/1,,,2/3()2/1( )2/3()(~ 2223      (4.48) 
 
where   is the ‘true’ coherence value. Unfortunately, the coherence estimate is biased it 
tends to overestimate low coherences (see Figure 19 C).  
Plots of the phase standard deviation, the coherence standard deviation and the coherence 
bias as a function of coherence level are shown in Figure 19 A, B and C for 16 and 64 
looks respectively. The higher the number of looks L  the more accurate is the coherence 
estimation of )(~ wObs
 . But at the same time a large number of looks reduces the spatial 
resolution and may compromise the requirement of spatial homogeneity. High coherences 
indicate a precise estimate of Topo  in terms of standard deviation. Too low coherence levels 
(< 0.3) are due to the increased phase variance not suitable for a deeper analysis or any 
physical interpretation at least for a reasonable number of looks.  
In this study coherence is estimated with at least 64 looks, so that the coherence bias can be 
widely neglected. 
 
 
A B C 
Figure 19: Coherence and phase statistics for L  = 16 and for L  = 64; A: standard deviation of phase; 
B: standard deviation of coherence; C: coherence bias 
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4.3.6 Coherence interpretation 
)(~ wObs
  comprises several decorrelation contributions [382], [178], [179], [15] 
 
)(~)(~)()(~ wwww ScatTmpSysObs
   .    (4.49) 
 
)(wSys
  are system induced decorrelation processes, )(~ wTmp   is temporal decorrelation and 
Scat~  are scatterer induced decorrelation processes.  
Starting from the right side of Eq. (4.49), Scat~  reflects the phase stability of the scatterer 
under the different incidence angles induced by the interferometric baseline: The fact that 
the two interferometric acquisitions are acquired with (slightly) different look angles make 
the projection of the 3-dim (complex) reflectivity of the scene (described in the x, y, z 
coordinate system) into the 2-dim SAR image (described in the range, azimuth coordinate 
system) to be different for the two images )(1 wS
  and )(2 wS
 . This causes a decorrelation 
when forming the interferogram [382], [101]. Scat~  can be further decomposed into  
 
)(~)(~ ww VolRgAzScat
   .    (4.50) 
 
The volume decorrelation contribution )(~ wVol
  appears when different scattering processes 
occur at different heights within the resolution cell. In this case the vertical component of 
the scatterer reflectivity project differently into the two images and causes, when forming 
the interferogram, a loss of coherence [113], [352] and [354]. Accordingly, )(~ wVol
  is 
related to the vertical structure of the individual scatterers. Modeling of the vertical 
distribution of scatterer is discussed in section 5.1.  
The range Rg  and azimuth Az  spectral decorrelation contributions are introduced by the 
slightly different projection of the horizontal component of the scatterer reflectivity into 
the slant-range and Doppler-zero direction respectively.  
4.3.6.1 Spectral decorrelation calibration  
In the spectral domain the baseline-induced difference in the projection of the horizontal 
component of the scatterer reflectivity in the two acquisitions make the scatterer 
reflectivity spectrum contained in the two images to be shifted with respect to each other. 
The spectral shifts in the range Rgf  and azimuth Azf spectrum are given by [382], [101] 
 
)tan(/ 00  ff Rg  and  DCAz ff            (4.51) 
 
where 0f  is the central system frequency, DCf  the Doppler-centroid difference between 
the two acquisitions. For distributed scatterers, assuming a white reflectivity spectrum the 
decorrelations induced by this spectral shift are [101] 
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where RgW  and AzW  are the (processed) range and azimuth bandwidths respectively. The 
coherence decreases linearly with increasing (angular) baseline   and with increasing 
Doppler-centroid difference. Note that Eq. (4.52) holds as long as the spectral shifts are 
small compared to the available bandwidth i.e., for RgRg Wf  ||  and  AzDC Wf  || . 
Both contributions can be compensated by band-pass filtering of the two images before 
forming the interferogram [101]. In this case both, the coherence bias and the increased 
phase variance introduced by Rg  and Az  are compensated.  
Band pass filtering is always connected to a loss of spatial resolution. Alternatively, the 
coherence bias induced by Rg  and Az  can be compensated directly by means of Eq. (4.52) 
without any loss in spatial resolution. However, in this case the increased phase variance 
induced by Rg  and Az  remains unaffected. 
4.3.6.2 System induced decorrelation contributions 
)(wSys
  are decorrelation contributions introduced by the acquisition system and the 
processing chain. The most relevant system decorrelation process for airborne as well as 
for spaceborne systems is the Signal-to-Noise-Ratio (SNR) decorrelation )(wSNR
  due to the 
system noise. Two independent noise contributions in the two signals of an interferometric 
acquisition will not correlate.  
By modeling the received signal to be composed of the scattering amplitude )(wa   and the 
noise amplitude )(wn  , i.e. )()(:)( wnwaws   , )(wSNR   can be written as [382], [161] 
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)()(
)(
)(1
1)( 1 wP
wA
wNwA
wA
wSNR
wSNR 




           (4.53) 
 
where )(/)()( wNwPwSNR    is the polarization dependent signal-to-noise ratio, with 
 )()()( * wswswP   the received power  )()()( * wawawA   the scattering power  and 
 )()()( * wnwnwN   the noise power.  
The availability of fully polarimetric data allows an accurate data based estimation of 
)(wSNR
 . Starting point is the polarimetric coherence between the two cross-polarized 
channels: Due to reciprocity the two cross-polarized channels are identical up to the 
additive noise contributions. In this sense, the (polarimetric) coherence between the two 
cross-polarized channels corresponds to the cross-polarized SNR decorrelation [120]  
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
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The associated scattering and noise power are given by  
 
HV
HV
SNRHV PA    and  HVHVSNRHV PN )1(  .   (4.55) 
 
Assuming the noise power to be the same in all polarimetric channels, i.e. HVNwN )(  , the 
SNR decorrelation in each channel can be estimated as: 
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  .    (4.56) 
In case the NESZ  (Noise Equivalent Sigma Zero) patterns of a sensor Sen  are known 
)(wSNR
  is calculated by 
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   .    (4.57) 
 
The SNR induced decorrelation )(wSNR
  in the corresponding interferogram acquired by 
two different sensors ( 1Sen  and 2Sen ) is then obtained as [15] 
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A typical processing induced decorrelation source is inaccuracies in the coregistration. 
Coregistration decorrelation COR  is given by [318]. 
 
AZ
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COR 


 )sin()sin(     (4.59) 
 
where AZ  and RG  are the relative shifts between the images in azimuth and range 
respectively. A shift of a full resolution cell leads to complete decorrelation. Assuming a 
coregistration accuracy of about 1/50 (1/10) of an image pixel leads to COR =0.98 (0.97). 
Note that locally the coregistration accuracy depends on the actual coherence level. 
Accordingly, in low coherence areas the coregistration performance decreases, thus 
increasing the decorrelation level. The coregistration accuracy as a function of a given 
coherence level and the associated decorrelation COR  can be estimated empirically and 
used to calibrate the interferometric coherence.   
In the section above the most system-relevant system decorrelation processes are 
discussed. Other potential system or processing induced decorrelation sources are induced 
by range and azimuth ambiguities, quantization noise interpolation decorrelation or due to 
non-optimal resampling [178], [179] and [51].  
4.3.6.3 Temporal decorrelation 
The temporal decorrelation contribution Tmp~  is introduced by geometric and/or dielectric 
changes of the scatterers within the scene in the time interval between two interferometric 
acquisitions. This is the most critical decorrelation contribution when it comes to 
interferometric acquisitions with non-zero temporal baseline. Temporal decorrelation is 
difficult if not impossible to predict, to address or even to compensate.  
In several studies temporal decorrelation was modeled assuming only changes in the 
position of the scatterers. If the motion of the scatterers is characterized by a Gaussian-
statistic an exponential temporal decorrelation model is derived [382]. This model was first 
validated using L-band SEASAT data. The exponential model was extended by a 
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Brownian motion model [299] that implies an exponential decay of the temporal 
decorrelation with time. However, the temporal decorrelation in forest at small temporal 
baselines (i.e., shorter than an hour) is mainly caused by wind-induced motion making the 
Brownian motion inadequate to model temporal decorrelation for such temporal scales 
[257]. More recently, a physical model of temporal decorrelation was proposed assuming a 
variable Gaussian motion along the vertical direction of forests [204]. This model was also 
validated at L-band data acquired by the JPL’s UAVSAR system. 
A detailed discussion on effects, modeling and compensation of temporal decorrelation can 
be found in Publication III [124], Publication IV [218], [270] and [211]. 
  
4.4 Pol-InSAR 
 
4.4.1 Pol-InSAR fundamentals 
Polarimetric SAR Interferometry (Pol-InSAR) measures the full polarimetric scattering 
matrix at both ends of the baseline of an interferometer [46], [40]. PolSAR and InSAR 
techniques are coherently combined. The technique was first demonstrated in [40] and 
[269] using SIR-C/X data. In the reciprocal monostatic case are three independent 
polarizations measured by two apertures. The six-element scatterer vector associated to the 
Pauli basis 6Pk  is formed by cumulating the scatterer vectors of each end of the 
interferometric baseline 1Pk  and 2Pk   
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The 6 x 6 Pauli coherency matrix 6T  is defined as the outer product of the scatterer vector 
6Pk  with its conjugate transpose [40] 
 









 


22
*
12
1211
*
22
*
12
*
21
*
11*
666 T
T
kkkk
kkkk
kkT
PPPP
PPPP
PP 


   (4.61) 
 
where 11T  and 22T  are the conventional polarimetric coherency matrices (see Eq. (4.60) and 
Eq. (4.29) in section 4.2.2 – ][ 3T ). 12  is a new 3 x 3 polarimetric interferometric 
coherency matrix that contains polarimetric information as well as interferometric phase 
information of the different polarimetric channels and is defined as 
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where 1 and 2 denote the corresponding ends of the baseline. Pol-InSAR aims to interpret 
the positions of the polarization dependent scattering mechanisms.  
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In order to extend the interferometric coherence to diverse polarizations the normalized 
vectors 1w
  and 2w
  are introduced and can be interpreted as two different scattering 
mechanisms or two different polarizations stages.  
The scattering amplitude )(wSi
  of any polarization state w  can be defined by the projection 
of the scattering vector ik

 (where ]2,1[i  defines the two ends of the baseline) on the 
unitary complex vector w  as [46] 
 
11 :)( kwwS
   .     (4.63) 
 
A general formulation of the complex interferometric coherence for an arbitrary choice of 
the scattering mechanisms is formulated through [40]  
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where 1w
  is the polarization used at the first end of the baseline and 2w
  the polarization 
from the second end of the baseline. If 21 ww
   then additionally to the decorrelation 
sources listed in Eq. (4.49) polarimetric decorrelation degrades the interferometric 
coherence. In case www   21  the polarimetric term is omitted resulting in the following 
representation of the interferometric coherence: 
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The interferometric coherence change noticeably with polarization, an approach to 
calculate the polarization combination giving the highest coherence was developed in [40] 
and is called coherence optimization. Multi-baseline Pol-InSAR scenarios over forested 
area have been investigated by [257]. Besides forest parameter inversion, Pol-InSAR has 
been applied for the estimation of biophysical parameters from crops [13], [229], urban 
areas [312], [313], [315] and glaciers [324]. 
 
4.4.2 Coherence region 
)(~ wObs
  (see Eq. (4.65)) includes both the interferometric coherence (or correlation 
coefficient) |)(~| wObs
  and the interferometric phase ))(~arg( wObs  . When using polar 
coordinates, )(~ wObs
  is represented by a point on the complex plane within the unit circle. 
Eq. (4.65) indicates that the interferometric coherence is polarization dependent. The set of 
interferometric coherences )(~ wObs
  obtained for all possible polarizations w  plotted on the 
complex plane, also named polarimetric diversity, defines the so-called coherence region 
which lies within the unit circle [46], [87], [342], [88] (see also red ellipse in Figure 20). 
Shape, size and orientation of the coherence region are determined by the nature of the 
scattering processes, the interferometric geometry and the number of looks [46]. Different 
system induced decorrelation processes in each polarization channel (for instance different 
SNR due to different signal strength) may also affect the shape of the coherence region.  
4 SAR principles  
 
56
The polarimetric diversity of the interferometric coherence is established by the coherence 
region concept and is used to interpret the polarimetric interferometric signature of the 
underlying scatterer. The radial extent of the coherence region indicates the variation of the 
absolute value of the interferometric coherence as a function of polarization. The angular 
extent of the coherence region indicates the variance of the interferometric phase (center) 
as a function of polarization. The maximum phase difference   (see orange arrow in 
Figure 20) established by the coherence region indicates the maximum variation of the 
interferometric phase (center) obtained by changing the polarization of the images used to 
form the interferogram and it can be converted to a (baseline independent) maximum 
height difference h  by scaling with the vertical wavenumber, Zh  / . h  in the 
following referred to as polarimetric diversity. Large h  values indicate the presence of 
(polarized) scattering contributions at different heights within the scattering volume. 
However, a note of caution is required when interpreting the interferometric coherence on 
the unit circle: the estimation of both, the absolute value and the argument of the 
interferometric coherence is affected by an inherent variance defined by the (absolute) 
coherence value and the number of looks used for its estimation [161] (see also section 
4.3.5). 
The boundary of the coherence region of a full polarimetric acquisition can be computed 
numerically for the constrained case 21 ww
   by solving the following eigenvalue problem 
[48], [342], [87].  
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where   2/)( *1212  jj ee    and   2/)( 2211 TTT  . 
 
For each rotation angle   the minimum and maximum eigenvalues min  and max and 
eigenvectors minw
  and maxw
  are obtained. The corresponding coherences represent two 
points of the coherence boundary and can be calculated by using minw
  and maxw
  in Eq. 
(4.65). By varying ],0[    the whole boundary of the coherence region can be estimated 
where all possible polarizations lie inside. 
 
 
Figure 20: Unit circle with coherence region (red ellipse), green dot and blue dot: the most diverse 
(different) polarizations,  : maximum phase difference.  
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If only a dual pol subspace of a Pol-InSAR acquisition is analyzed or for dual pol 
acquisition (2 x 2 scattering matrix), the coherence region has the form of an ellipse [253], 
[46] simplifying considerably the estimation of the coherence boundary. 
Polarimetric diversity h  may be used as a first order interpretation of the scattering 
processes in a scene. Hajnsek, Kugler et al. demonstrate in Publication III [124] for the 
first time the use of polarimetric diversity for the interpretation of scattering mechanisms 
in response to terrain slope with L-band.  
In the case of a dual-pol InSAR configuration operating in HH and VV, as provided for 
example by the TanDEM-X mission, a 2-dimensional scattering vector TVVHHd SSk ][ 1121 

 and 
T
VVHHd SSk ][ 2222 

 is acquired at each end of the (spatial) baseline with  
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and 
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Krieger et al. Publication VI [185] showed the use of polarimetric diversity h  for 
differentiating several crop types over agricultural areas north of the Caucasus by means of 
TanDEM-X dual-pol (X-band HH/VV polarization) data.  
Figure 21 shows the polarimetric diversity for three TDX dual-pol acquisitions (X-band 
HH/VV polarization) over the floodplain forest of river Isar close to Plattling (Lat: 48°44’, 
and Long: 12°51’). It is covered by a typical floodplain forest of the temperate forest zone, 
mainly composed of deciduous trees like ash, alder, oak and maple. 
The three acquisitions cover the foliation period of the floodplain forest. Images of the 
polarimetric diversity of the three acquisitions are shown in Figure 21. The first acquisition 
(2011-04-12, Figure 21 (A)) covers the forest in the leafless stage. The polarimetric 
diversity has in the most of the forested area values larger than 4 m. In the second 
acquisition, (2011-05-04, Figure 21 (B)) foliation has already started and polarimetric 
diversity decreases. In the third acquisition, (2011-05-15, Figure 21 C) foliation is nearly 
completed and polarimetric diversity reaches barely values greater than 4 m (see also 
[197]). 
Dense forest conditions seem to decrease polarimetric diversity h . Increasing forest 
density (or more foliage in the canopy) decreases the capability of X-band to penetrate into 
a forest. As a consequence, the strongly polarized backscattering of the ground is reduced 
which implies that the difference in the backscattering in the polarization channels shrinks. 
Polarimetric diversity may be used to document biophysical changes in the scatterer as 
induced for instance by foliation, but may be also used to detect selective logging activities 
or defoliation induced by insect calamities. 
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A  
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C 
Figure 21: TanDEM-X time series of polarimetric diversity h  test site Plattling scaled from 0 to 5 m; 
A: 2011-04-12; B: 2011-05-04; C: 2011-05-15. © [2014] IEEE 
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5 Model based Pol-InSAR parameter estimation 
 
This chapter concentrates on forest parameter retrieval by means of Polarimetric SAR 
Interferometry with P-, L- and X-band.  
In the previous chapter, factors degrading the interferometric coherence have been 
discussed. Volume decorrelation was identified as the most important parameter 
decorrelating the interferometric coherence. The concept of the coherence region to 
describe polarimetric diversity of Pol-InSAR data was introduced and its dependence on 
biophysical parameters was discussed. The idea is now extended by relating the obtained 
coherence loci to physical forest parameters using a scattering model [40], [269]. A widely 
as well as successfully used model to interpret the loci of the interferometric coherence is 
the Random Volume over Ground model (RVoG) [352], [354], [40], [269]. It is a two-
layer model consisting of a volume layer with randomly distributed scatterer and a Dirac-
like ground layer. In the following the RVoG model is introduced (see section 5.1), the role 
of the baseline in the inversion process (i.e. vertical wavenumber Z ; see section 5.2 and 
section 5.3.2) and different distributions of scatterer (i.e. vertical backscatter functions) are 
discussed (see section 5.1.2). Before interpreting volume decorrelation, it must be ensured 
that other non-volumetric decorrelation processes are compensated or are negligibly low.  
Section 5.3 includes a step-by-step description of the forest height inversion process. In 
section 5.4 impacts and modelling of temporal decorrelation are discussed. Obtained 
inversion results are presented in section 5.5. Finally a dual baseline inversion approach is 
introduced in section 5.6 to account a residual ground component in the received signal or 
to compensate a residual scalar temporal decorrelation contribution in forest height 
inversion. 
 
5.1 Modelling of volume decorrelation 
 
The key observable used in Pol-InSAR applications is the complex interferometric 
coherence )(~ w  estimated at different polarizations w  [40], [269].  
Volume decorrelation Volγ~  is the decorrelation caused by the different projection of the 
vertical component of the scatterer into the two images )(1 wS
 and )(2 wS
 . Volγ~  is directly 
linked to the vertical distribution of scatterers )'(zF  through a (normalized) Fourier 
transformation relationship [352], [354] 
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where z  denotes the vertical position, and the phase 00 zz   is related to the height of the 
ground topography 0z . In the context of Eq. (5.1), z  maps )(zF  to )(~ wVol  determining the 
sensitivity of the interferometer to a given )(zF and especially to a given Vh . In the case of 
forest scatterers F(z) is a rather complex function that depends on the vertical forest or tree 
structure and the distribution of the dielectric constant along it.  
5 Model based Pol-InSAR parameter estimation  
 
60
Eq. (5.1) allows the estimation of )(zF  (and associated structure parameters) from 
measurements of ),( zVol w   . One way to do so is to parameterize )(zF  into a set of 
geometrical and scattering parameters and to use then ),( zVol w    measurements to estimate 
these parameters by inverting Eq. (5.1) [43], [269], [44], [45]. In general, for a robust 
inversion, the number of parameters used to parameterize )(zF  has to be balanced by the 
number of available ),( zVol w   measurements. 
 
5.1.1 Exponential vertical backscatter function 
In the simplest case, F(z) is approximated by a homogeneous vertical distribution of 
scatterers. 
 
ctzF )(     with    Vhzzz  00              (5.2) 
 
represents a uniform distribution of the scatterer along height (see Figure 22 A). From Eq. 
(5.1) results then the characteristic sinc-decorrelation function  
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where xx /)sin(:sinc(x)  . According to Eq. (5.3), the coherence, at a given baseline, depends 
only on the volume height Vh  - interpreted as H100 [238], [236], [239] while the phase 
center is located at the middle of the volume height. 
For vegetation applications two-layer statistical models have been proven to be sufficient 
(in terms of robustness and performance) especially at lower frequencies [40], [269], [352], 
[46]. In these models )(zF  includes a vegetation scattering contribution and a Dirac-like 
component )()( 0zzwmG   that accounts for the scattering contribution(s) occurring on (or 
with) the underlying ground (i.e. direct surface and dihedral vegetation-surface 
contributions):  
 
)()(),(),( 0zzwmwzfwzF GV                (5.4) 
 
where Gm  is the ground scattering amplitude. Substituting (5.4) into (5.1) leads to  
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is the volume only coherence and  Vho VG dzwzfwmwm ),(/)()(   is the effective ground-to-
volume amplitude ratio. 
In the case of bistatic configurations, the direct and the dihedral contributions of the 
underlying ground are no longer equivalent [46], [354]. While the direct ground 
contribution remains deterministic (i.e. associated to a coherence that after range spectral 
filtering equals 1) the dihedral contribution becomes distributed in height and thus affected 
by volume decorrelation:  
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where Sm  is the direct ground (surface) Dm  the dihedral scattering contributions and 
mmm SD  . However, small bistatic angles and low dihedral scattering contributions (as it 
is the case for TanDEM-X) legitimatize the use of Eq. (5.5) instead of Eq. (5.7). 
For the (vertical) distribution of scatterers in the vegetation layer ),( wzfV
  different models 
have been proposed. A very successful and widely used model is an exponential 
distribution of scatterers [46], [269], [352], [113] (see Figure 22 B) 
 
)]cos(/)(2exp[)( 0 zwzfV         (5.8) 
 
where )(w  is a mean extinction value for the vegetation layer that defines the “attenuation 
rate” of the profile and is usually expressed in [dB/m]. The special case of 0  dB/m 
represents a uniform distribution i.e. the sinc-decorrelation function as described by Eq. 
(5.3).  
The solution of Eq. (5.6) for the exponential structure function described by Eq. (5.8) is 
given through  
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Inverse scattering distributions, i.e. cases where more effective scatterers are located in the 
lower forest layers than on the higher ones may violate the assumption of an exponential 
vertical distribution of scatterers. This can be the case in sparse forest environments with 
more or less distinct understory, or at lower frequencies when the effective scatterers 
become larger and therefore located lower within the forest architecture. In this case, the 
exponential decay of )(zfV  as assumed in Eq. 38 is no longer valid resulting in an 
underestimation of forest height and/or an overestimation of extinction. 
 
5.1.2 Modifications of the vertical backscatter function 
A way to account for inverse scattering distributions is to allow the extinction coefficient 
of the volume   to be negative. Then the term extinction is no longer appropriate,   is 
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then interpreted as a form factor of the vertical backscatter function )(zfV  and no more as 
signal attenuation. In order to refer negative values of   to an exponential distribution of 
scatterer the term negative extinction is used for negative   in the following. Negative 
extinction values in Eq. (5.8) allow to approximate inverse scattering distributions as 
indicated in Figure 22 C. The extended solution space for 0~V  values – including positive 
and negative extinction solutions – is shown in form of red (= positive extinction values) 
and blue dots (= negative extinction values) in Figure 23 A for Z  = 0.1 rad/m. The green 
dots represent solutions for a volume height of 20 m across all  .  
Besides the exponential profile that appears to fit better higher frequencies, Gaussian [99], 
[100], or even linear scattering distributions have been proposed and used especially at 
lower frequencies [191].  
The linear or triangular structure function will be considered in more detail and is given 
through (see Figure 22 D and E): 
 
1)(  zzfV         (5.10) 
 
where   is the slope of the line which can be positive as well as negative. Figure 23 B 
shows the solution space for 0~V  on the unit circle for the linear profile for Z  = 0.1 
rad/min in form of red (= positive values) and blue dots (= negative values). The green dots 
represent solutions for a volume height of 20 m across all  . 
The solution of Eq. (5.6) for the triangular structure function Eq. (5.10) is given through  
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The exponential profile is the original proposed one able to describe also high attenuation, 
while the linear profile has his advantages in the low attenuation case. The positive 
versions of the two profiles describe vertical distributions affected by attenuation so that 
the number of effective scatterers in the volume decreases with depth and are characteristic 
for rather dense (in an EM sense) forest conditions. The negative versions represent inverse 
scattering distributions, i.e. cases where more effective scatterers are located in the lower 
forest layers than in the higher ones. This is the case in rather sparse forest environments 
with more or less distinct understory. Inverse scattering distributions are more common at 
longer frequencies like P-band where the effective scatterers are larger and therefore 
located deeper within the forest layer. 
Equally important as the shape of the vertical distribution of scatterers ),( wzF   is its 
polarimetric characterization. 
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A 
 
B 
 
C 
 
D 
 
E 
Figure 22: Vertical backscatter functions )(zf ; A: sinc Eq. (5.2); B: positive exponential Eq. (5.8); C: 
negative exponential Eq. (5.8); D: positive triangular Eq. (5.10); negative triangular Eq. (5.10). 
 
While the ground scattering component is strongly polarized )(wmm GG
 , the volume 
scattering component can be both: polarization dependent, i.e. ),()( wzfzf VV
 , or 
independent of polarization, )(zfV . In the first case the volume is called Oriented Volume 
(OV) [353], [121]; in the second the volume is referred to as Random Volume (RV) [10], 
[354]. The analysis of a large number of experimental data indicates that across a wide 
range of frequencies (from X- down to P-band) the random volume assumption is valid for 
several different forest conditions Publication III [124], Publication I [196].  
Assuming a Random Volume, (Eq. 5.5) is known as the Random Volume over Ground 
(RVoG) model. In this case (Eq. 5.5) can be rewritten as [41]  
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A B 
Figure 23: Solution space for the vertical backscatter functions )(zf ; A: exponential vertical 
backscatter function Eq. (5.8); B: triangular vertical backscatter function Eq. (5.10); red dots 
represent solutions obtained for positive values of   and  ; blue dots represent solutions for the 
negative values of   and  ; green dots represent solutions for a volume height of 20 m across all   
and  ; ]100,100[  ; ]2,2[ ; Z  = 0.1 rad/m. © [2015] IEEE 
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Eq. (5.12) indicates that as long as 0~V  is independent of polarization, the RVoG coherence 
region is a segment of a straight line [269]. This simple geometrical representation has 
been exploited for the validation and inversion of the RVoG model and will be further 
discussed in section 5.3. 
 
5.2 The vertical wavenumber  
 
As already mentioned above, the vertical wavenumber z  scales the interferometric phase 
and coherence to forest height Vh  (see Eq. (5.3), Eq. (5.5) and Eq. (5.6). Figure 24 shows 
in the top row the absolute value of the volume coherence 0~V  as a function of the vertical 
wavenumber z  for five different forest heights (10 m, 20 m, 30 m, 40 m and 50 m) and for 
three extinction values, 0 dB/m (top), 0.1 dB/m (middle) and 0.5 dB/m (bottom). For a 
constant forest height, the volume coherence decreases with increasing z . Decreasing 
extinctions also lead for a constant height and a fixed z  to lower coherence levels.  
In the bottom row of Figure 24 the corresponding plots for the interferometric phase 
)~arg( 0V  are shown. The coherence-to-height sensitivity is larger at low   levels and 
decreases with increasing  , while the phase-to-height sensitivity is higher for higher 
extinction levels. Accordingly, forest height inversion performance relies on the choice of 
an appropriate vertical wavenumber z . 
 
  = 0.0 dB/m 
 
 
  = 0.1 dB/m 
 
 
  = 0.5 dB/m 
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Figure 24: Volume coherence 0~V  - amplitude |0~| V in the top row and phase )~arg( 0V  in the bottom 
row as function of z  for five different forest heights: 10 m (dark blue), 20 m (light blue), 30 m (green), 
40 m (orange) and 50 m (red) and for 3 different   values: left 0.0 dB/m, middle: 0.1 dB/m and right: 
0.5 dB/m. © [2015] IEEE 
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For (too) large z  values the sensitivity of the coherence to forest height saturates at a 
given height so that larger heights become underestimated.  
On the other hand, for (too) small z  values, even small (residual) decorrelations introduce 
large height errors due to the unfavorable coherence to height scaling. 
A detailed discussion about the role of z  in the height inversion process is given in 
Publication I [196] and section 5.3.2.  
 
5.3 Pol-InSAR forest height inversion 
 
The challenge now is the estimation of forest height Vh  and other associated structure 
parameters used to parameterize )(zfV  from ),(~ zVol w    measurements at different 
polarizations and (spatial) baselines by means of Eq. (5.5). For a given baseline the 
achieved performance depends critically on two steps. The first step is the estimation of the 
volume decorrelation contribution ),(~ zVol w    from the overall measured interferometric 
coherence by compensating for all other (non-volumetric) decorrelation contributions. 
Note, that in most cases the calibration of non-volumetric decorrelation contributions 
compensates the coherence bias but not the increased variance - in phase and coherence 
amplitude - caused by the lower coherence level. The second step is to establish a balanced 
and well-conditioned inversion problem based on the available observation space 
introducing - if required - additional assumptions and / or external information. Both steps 
will be discussed in the next sections. 
 
5.3.1 Three stage inversion steps 
Forest height inversion by means of the RVoG model as given in Eq. (5.5) using a single-
baseline quad-polarimetric acquisition can be addressed either in terms of a multi-
dimensional optimization problem [205], [204] or by using its geometrical representation 
on the unit circle [269], [41], [241] (see also Eq. (5.12)). While the first approach allows 
the inversion of all parameters in a single step, the second approach provides a more 
controlled way to invert step-by-step Eq. (5.5). The original idea for the geometrical 
inversion of Eq. (5.5) has been proposed in [41] and is reviewed in the following, some 
modifications are introduced.  
5.3.1.1 Line fit 
The most critical step in the inversion is the estimation of the straight line segment 
represented by the coherence region. In general this is performed by a line fit through a set 
of coherence loci on the complex plane. The quality of the line fit is affected by three 
parameters:  
1.) the validity of the Random Volume assumption,  
2.) the statistical variance of the coherence loci defined by the individual coherence 
levels (see [349], [350], and section 4.3.5) and  
3.) the length of the visible line segment that depends on the “visibility” and the 
physical properties of the underlying ground Publication III [124], [40].  
In order to reduce the bias introduced by the coherence estimation and to maximize the 
length of the “visible” line segment the coherence region (indicated by the black dots in 
Figure 25) is estimated [87], [88] and [342]. A straight line is then fitted through the two 
coherence loci that are furthest apart from each other i.e. the two points that yield the 
5 Model based Pol-InSAR parameter estimation  
 
66
maximum phase difference  , )(~ minmObs  and )(~ maxmObs  displayed as red and green dots 
and blue line in Figure 25.  
5.3.1.2 Estimation of the underlying ground 
The two intersection points of the fitted line with the unit circle (blue and orange dot in 
Figure 25) are the two possible solutions for the “ground only” point, i.e. the coherence 
that corresponds to the underlying ground  
 
00)(~ ziiVol zeem
  .    (5.13) 
 
In [41] the selection of the right “ground only” was proposed based on the fact that - 
according to Eq. (5.12) - the movement along the “visible” line segment corresponds to a 
monotonic change of m . Assuming the smallest ground-to-volume ratio in the cross-
polarized channel )(HVm , the right “ground only” is the one with the bigger distance from 
)(~ HVObs  than from other, (for example co-polar), coherence loci. Polarimetric tomographic 
analysis showed that significant single bounce scattering (= surface scattering) may also 
occur in the canopy of a forest [316] or a dense understory shifts the backscattering in the 
HV channel towards the ground [99] then the assumption that )(~ HVObs  is the polarization 
with the smallest ground to volume ration is not necessarily true. A more robust criterion 
can be derived from the monotonic lowering of the phase center with increasing ground to 
volume ratio )(wm  . Assuming a tree height less than Z / , 1  and 2  to be the phase of the 
two intersection points, the following decision rules can be derived:  
 
For 0Z : 
if   0)exp()exp(arg *21  ii   then 10       (5.14a) 
if   0)exp()exp(arg *21  ii   then 20       (5.14b) 
 
For 0Z  
if   0)exp()exp(arg *21  ii   then 10       (5.15a) 
if   0)exp()exp(arg *21  ii   then 20       (5.15b) 
 
This approach holds even for tree heights up to Z /*3.1  as long as the extinction remains 
smaller than 0.3dB/m. For tree heights higher than Z /*3.1  the estimated coherence 
)(~ wVol
  becomes very low, , making the selection of the right “ground only” point 
problematic as the statistical variance of the coherence loci is dramatically increased [349] 
(see also coherence and phase statistic in section 4.3.5). 
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Figure 25: Inversion scenario in the unit circle; black dots: coherence region; blue line: line fitted 
through coherence region; red dots: ground phase candidates 1  and 2 ; orange dots: volume only 
coherence 0~V  candidates green circle: mark selected ground phase 1  and the selected volume only 
coherence 0~V . © [2015] IEEE 
 
5.3.1.3 Height inversion 
Having estimated 0  and assuming 0min m , i.e. no response from the ground in at least one 
polarization channel, 00min ~)exp()(~ VObs im    whereas )(~ minmObs  is corrected for non-
volumetric decorrelation processes. The height Vh and the extinction   can be estimated 
unambiguously by means of a two dimensional non-linear optimization problem  
 
)],,(~[)]exp()(~[min 00min, ZVVObsh himV
  .        (5.16) 
 
that can be implemented in terms of a two dimensional look-up table (see red dots in 
Figure 26).  
The inversion complicates when 0min m , i.e. when a (significant) ground scattering 
contribution is present in all polarizations.  
In this case, when the ground scattering contribution is neglected and ),,(~ 0 ZVV h   is 
associated to )exp()(~),,(~ 0minmin  immh ObsVVol  , may lead to coherences outside the 
solution space provided by Eq. (5.6). At the same time, accepting 
)exp()(~),,(~ 0minmin  immh ObsVVol   the 3 unknown parameters in Eq. (5.5) (i.e. min,, mhV  ) 
cannot anymore be estimated from a single )(~ minmObs  measurement only. One way to 
overcome this problem for 0  without introducing more measurements is to fix the 
extinction value as suggested in [98] or [43]. In many cases, a high ground scattering 
contribution is the result of a low extinction level, justifying to fix 0:  dB/m. In this 
case the inversion of Eq. (5.16) becomes  
 
)]/0,,,(~[)]exp()(~[min 0min, mdBmhim ZVVolObsmhV
  .     (5.17) 
 
The solution space of Eq. (5.17) is indicated by the blue dots in Figure 26. 
The inversion of the RVoG model using Pol-InSAR data has been primarily addressed at 
L-band. The assumption of 0min m  - that is not necessarily associated to the HV channel - 
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has been derived based on the general L-Band scattering scenario, with moderate 
extinction and relative small m  values.  
In the case of a single-polarimetric acquisition, where 0)( wm   holds as it may be the case 
for short wavelength like X-band Publication V [198], the parameterization of the 
measured interferometric coherence in terms of Eq. (5.5) requires four parameters: the 
forest height Vh , the extinction  , the ground topography phase 0 , and the ground-to-
volume amplitude ratio )(wm  .  
The assumption of no ground contribution, i.e. of zero ground-to-volume amplitude ratio, 
is not sufficient for getting a balanced inversion problem. In this case inversion relies on 
additional assumptions or the availability of external information.  
An alternative way to enforce a balanced inversion problem is to fix the extinction value 
Publication II [280]. Ignoring the ground phase, by considering the absolute values only, a 
single parameter inversion problem is obtained 
 
|),,,(~||),(|min 0 cthw ZVVolZObshV
            (5.18) 
 
Dependent on the forest conditions   needs to be adapted. In tropical peat swamp forests 
3.0  dB/m worked fine for X-band Publication V [198], while for boreal forests 
01.0  dB/m gave best results Publication II [280].  
Fixing the extinction   has been proved to compromise the inversion performance as it 
restricts the ability of the RVoG model to interpret the spatial variability of forest structure 
Publication III [124].  
 
 
Figure 26: RVoG solution space for different Vh  (up to 50 m),   (0 dB/m  to 2 dB/m) and m  (0 to 10) 
values for a Z  of 0.13 rad/mand  0  as given by (7); red dots: )0,|,(~ 0 mh ZVV  ; blue dots: 
)/0,|,(~ 0 mdBmh ZVV  ; green dots: constant height )0,,m20|(~ 0  mh ZVV   and 
)0,,m20|(~ 0   ZVV hm ; black arrows indicate increment of Vh  and  . © [2015] IEEE 
 
The best – with respect to inversion performance – scenario is to use an external DTM to 
estimate the ground topographic phase )exp( 0i . For this, the DTM is converted to phase: 
)exp()exp( ZDTMDTM ihi   . Then the phase offset between )exp( DTMi  and ),(~ wZObs   is 
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calibrated by means of a corner reflector or a bare area with sufficient high coherence 
98.0|),(~| wZObs  . ),(~ wZObs   can then be inverted for forest height Vh  and extinction 
 by Publication V [198] 
 
),,(~)exp(),(min
,
 ZVVolDTMZObsh hiwV 
 .    (5.19) 
 
5.3.2 The role of the vertical wavenumber in forest height inversion 
In section 5.2 the vertical wavenumber Z  and in section 4.3.6 the compensation of non-
volumetric decorrelation processes were identified as critical parameters in forest height 
inversion. The multifaceted effect of the effective spatial baseline, as expressed through 
Z , on the inversion of forest height from Polarimetric Interferometric SAR (Pol-InSAR) 
data is examined and published in Publication I [196]. Therefore, only a brief summary of 
Publication I [196] is given in the following.  
The inversion performance depends strongly on the accurate compensation of non-
volumetric decorrelation contributions, the choice of the appropriate vertical wavenumber 
z  and the knowledge about its variation within the scene. 
In a quantitative analysis (Monte Carlo simulation) it was demonstrated that a single z  
allows accurate inversion only for a limited range of forest heights. For taller stands, the 
performance is limited by the variance induced by the low coherence levels. This can 
partially be compensated by increasing the number of looks at the expense of spatial 
resolution. With further increasing stand height the sensitivity of the interferometric 
coherence to forest height saturates leading to underestimated forest height estimates. For 
lower forest heights, the performance is limited primarily by the bias induced by the 
residual non-volumetric decorrelation contributions. In consequence, in order to obtain the 
optimum inversion performance over a wide range of forest heights multiple Pol-InSAR 
acquisitions with variable z  values are required. A concept for defining the optimum z  
values for a given height range has been introduced in Publication I [196]. Across all 
extinctions three baselines are sufficient to map heights from 5 m to 60 m with a height 
error better than 10 percent (see Figure 27 A-C). For higher extinctions (> 0.5 dB/m) two 
baselines would be sufficient (see Figure 27 C), as here the higher coherence values reduce 
the statistical variance. In Figure 27 the baselines (green arrows) are selected to cover a 
height range between 5 m and 60 m with a minimum number of baselines. 
 =0.0dB/m 
 
A 
 =0.1dB/m 
 
B 
 =0.5dB/m 
 
C 
Figure 27: Inversion performance as a function of forest height Vh  and vertical wavenumber z  for 
three extinctions assuming a height error better than 10 percent; blue : lower boundary; red: upper 
boundary; green arrows: baselines to cover a height range from 5 m to 60 m. © [2015] IEEE 
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If only one baseline is available then the estimation performance depends strongly on the 
prevailing forest heights.  
A good compromise in order to obtain reliable forest height estimates with sufficient 
accuracy for single baseline acquisitions is to mask 05.0z rad/m and 15.0z rad/m. 
The vertical interferometric wavenumber z  is defined by the acquisition geometry and 
depends on the incidence angle and on the range component of the local terrain slope. 
Consequently, for a precise estimation of z  a DEM is required.  
While terrain slopes in azimuth have no effect on z , terrain slopes in range direction 
modify the local incidence angle   0  and as a consequence (see Eq. (4.40)) the 
vertical wavenumber z  results in (see Publication I [196]) 
 
)sin(
2
0 


 
 mz .     (5.20) 
 
Compensation of terrain slope can be regarded as a two-step process in the height 
inversion. 
Firstly the range component of the terrain slope   is used to correct the (nominal) 
incidence angle 0 . For this, the used DEM is projected in slant range geometry. The local 
terrain slope   is then calculated by: 
 











 
H
PS
H
rg )tan(
)sin(
tan 1

          (5.21) 
 
where H  is the height difference between two consecutive range samples and rgPS  the 
corresponding slant range distance.  
Secondly the resulting volume heights Vh  are transferred into a forest height FH . Then, for 
flat terrain it results in 
 
VF hH          (5.22) 
 
while for sloped terrain 
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is valid.  
In order to assess the required DEM quality, several available DEM products have been 
tested in Publication I [196] on their suitability for topographic correction in the Pol-
InSAR inversion process. While the low resolution SRTM DEM was not able to fully 
compensate terrain slope effects, the TanDEM-X DEM as well as the LIDAR DEM and 
the (L-Band) DEM obtained from the Pol-InSAR measurements itself performed similar 
and were able to correct the topographic effects. 
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5.3.3 Incoherent multibaseline combination/selection 
According to Eq. (4.40) or Eq. (4.41), a change of incidence angle   goes along with a 
change of z , even if the spatial baseline remains the same. This is why in airborne (repeat-
pass) interferometric systems z  is two dimensional: it varies along azimuth with the 
variation of the spatial baseline components induced by the non-ideal platform motion and 
across range with the incidence angle. The changes of z  induced by different flight 
constellations are shown and discussed in Publication I [196]. It is apparent that the for 
airborne SAR systems typical wide variation of the incidence angle in range causes a 
(significant) variation of z . In order to cover a complete scene with similar performance 
several interferometric acquisitions with different baselines are required. In addition 
temporal decorrelation – that can never be excluded in repeat pass acquisitions – may 
degrade inversion accuracy. To counter these constraints and to improve the quality of 
forest parameter inversion an incoherent multibaseline Pol-InSAR inversion approach has 
been proposed Publication III [124], [216].  
The shape and size of the coherence boundary are besides differences in the ground 
contribution determined by statistical deviations of the coherence measurements [349], 
[350], [161] uncompensated decorrelation effects and the vertical wavenumber z .  
Two different incoherent methods are investigated: The first one is the selection of 
individual inversion heights by using the eccentricity   of the coherence boundary 
Publication III [124], [87] (see also Figure 20, Figure 25 and section 4.4.2) 
 
2)/(1 ab           (5.24) 
 
where a  is the major axis and b  is the minor axis of the ellipse. When more than two Pol-
InSAR measurements are available, the inversion height for the baseline corresponding to 
the largest eccentricity will be selected.  
 
),,(
),,(
),,(
max
21
22212
12111
,, 21
JJJz
z
z
kk
kk
kk
kk
z 







        (5.25) 
 
where J  is the number of available baselines for each pixel.  
The second criterion used to combine multiple baselines is the conventional interferometric 
height accuracy accH  defined by the standard deviation of the interferometric phase [301] 
and the vertical wavenumber z .  
 
zaccH
1       (5.26) 
 
The standard deviation of the interferometric phase   (see Eq. (4.46)) may also be 
approximated with the aid of the Cramer Rao bounds [15] 
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The increase of the standard deviation of the interferometric phase with decreasing 
coherence caused by decorrelation contributions reduces the quality of the height accuracy. 
This means the lower height accuracy the more reliable is the inversion result. In case 
several interferometric acquisitions are available, the baseline that corresponds to the 
minimum height accuracy is selected  
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5.4 Temporal decorrelation 
 
In repeat-pass airborne and spaceborne implementations the inherent presence of temporal 
decorrelation is biasing the interferometric coherence estimates degrading the sensitivity to 
vertical scattering structure and limiting the performance of Pol-InSAR inversion 
techniques [215], [270], Publication IV [218]. Temporal decorrelation Temp~  can be real 
(i.e. affecting the absolute value of )(~ wObs
  only) – mainly induced by a movement of the 
scatterer – or complex (i.e. biasing the phase of )(~ wObs
 ) –  mainly induced by changes in 
the dielectricity or the scatterer. However, many temporal decorrelation models proposed 
(see section 4.3.6.3) the assumption that the dielectric properties of the scatterers remain 
unchanged between the two acquisitions. At long temporal baselines (i.e. longer than a 
day), temporal decorrelation may be also caused by the change of dielectric properties due 
to environmental and weather effects. 
There are different approaches to assess the impact of temporal decorrelation on the Pol-
InSAR forest height inversion. The Random Volume over Ground with Volume Temporal 
Decorrelation (RVoG + VTD) model was introduced in [41] and [267] incorporating a 
temporal decorrelation component into the two-layer (volume/ground) scattering model. 
The inversion results in the presence of temporal decorrelation (2 days temporal baseline) 
demonstrated that forest height inversion without accounting or compensating for temporal 
decorrelation leads to significantly overestimated heights [267]. In Publication III [124], 
the quantification of temporal decorrelation in L- and P-band repeat-pass interferograms 
was discussed, with about 40 minutes temporal baseline, assuming that the scattering 
properties of the ground do not change in that time. In Publication IV [218] temporal 
decorrelation coefficients are estimated for temporal baselines ranging from 10 minutes to 
54 days and temporal decorrelation was split into a ground decorrelation component and a 
volume decorrelation component. 
Temporal decorrelation affects the volume component that represents the vegetation layer 
and the underlying ground layer in a different way. Both temporal decorrelation effects can 
be incorporated in the two-layer scattering model [41], [267], [204] 
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where TG  represents the scalar decorrelation coefficient describing temporal decorrelation 
of the underlying surface scatterers and TV~  denotes the complex correlation coefficient 
describing the temporal decorrelation of the volume layer. In case of a constant temporal 
decorrelation function, temporal decorrelation in volume becomes a scalar value TV  (i.e. 
no bias of phase). Both TV~  and TG  are functions of the temporal baseline. However the 
decorrelation processes in the volume layer occur at different – in general much smaller – 
time scales than the decorrelation of the surface layer. Moreover, both temporal 
decorrelation coefficients may be polarization dependent.  
When the temporal baseline is considerably short (i.e. smaller than one hour), it is realistic 
to assume that the ground remains stable (i.e. TG  = 1), and that the dielectric and statistical 
properties of the volume do not change. In this case Eq. (5.29) can be simplified as  
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The Pol-InSAR coherence loci contaminated by TV  still lie on a straight line segment in 
the complex plain. The ground point remains unchanged, while the volume coherence Vol~  
is shifted towards the origin by TV . The inversion of Pol-InSAR data contaminated by 
temporal decorrelation TV  leads to overestimated forest height estimates [41], [267], 
Publication IV [218].  
Effects of temporal decorrelation and quantification of temporal decorrelation – including 
methods of quantification is detailed discussed and published in Publication III [124] and 
Publication IV [218] and is therefore only briefly summarized below.   
Hajnsek, Kugler et al. Publication III [124] describe and quantitatively assess temporal 
decorrelation effects in short time repeat-pass interferometric acquisitions. A key element 
in the quantitative assessment of temporal decorrelation was the single-pass single-channel 
(VV) X-band data set – not affected by temporal decorrelation. In a first step a 
modification of the conventional Pol-InSAR forest height inversion scheme has been 
proposed adapted to the single channel X-band interferometric observation space (see Eq. 
(5.19)). The neglect of the ground scattering component and fixing the extinction value 
allowed to obtain sensitive height estimates at X-band. In a second step, the X-band height 
estimates have been used to assess the amount of temporal decorrelation at L- and P-band. 
Looking on temporal baselines of about 40 minutes the obtained results indicate, as 
expected, a higher temporal stability at P-band (with temporal decorrelation on the order of 
0.93) than at L-band (with temporal decorrelation on the order of 0.85 - 0.89). However, 
the decorrelation levels are at both frequencies sufficient to cause - if not compensated - an 
overestimation on the order of 30-40 percent depending on the actual forest height level.  
Lee, Kugler et al Publication IV [218] address the impact of temporal decorrelation on 
Pol-InSAR forest height inversion performance. Temporal decorrelation as a function of 
the temporal baseline has been investigated for a wide range of temporal baselines. 
Different temporal decorrelations for the volume and the ground layer have been 
incorporated into the two-layer (volume/ground) RVoG scattering model. Both 
decorrelations bias the Pol-InSAR inversion results, but in a different way:  
 while volume temporal decorrelation TV  biases the volume decorrelation 
contribution,  
 temporal decorrelation on the ground layer TG  introduces a ground phase 
error.  
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Both effects lead to an overestimation of forest heights. The impact of temporal 
decorrelation has been separately assessed at L-band on three different levels of temporal 
baseline: long-term (months—weeks), mid-term (weeks–day) and short-term (hour–
minutes) temporal baselines.  
Long-term temporal baselines: 
The level of temporal decorrelation after 54-day repeat pass time (with cohrerences around 
0.3) makes Pol-InSAR applications no longer possible. In the case of 32-day temporal 
baseline, the level of coherences in forest was higher than 0.3 so that Pol-InSAR inversion 
was still able to be applied but forest height was quite overestimated due to the 
uncompensated temporal decorrelation. The decorrelation level is sufficient to cause height 
errors on the order of 20–200 percent in dependence on forest height and spatial baseline 
setup.  
Mid-term temporal baselines: 
Using multibaseline Pol-InSAR data sets with temporal baselines on the order of 1 day, up 
to 2 weeks, it is possible to estimate the different temporal decorrelation contribution TV  
and TG . The decorrelation processes within the volume layer occur much faster than on 
the ground. The reason for this is that the scatterers in the canopy are less stable than those 
on the ground and TV  and TG  are not only dependent on the wind-induced movements, 
but rely also strongly on the rain-induced dielectric changes in the volume and on the 
ground. The estimated temporal decorrelations TV  and TG  were converted to height errors 
and then validated against the direct estimated height error from Pol-InSAR inversion. The 
obtained results are highly correlated with a correlation coefficient of 0.94 and a RMSE of 
3.34 percent. This is a strong indication for the validity of the model used, as well as for a 
successful estimation of TV  and TG  at temporal baselines on the order of days.  
Short-term temporal baselines: 
The behavior of temporal decorrelation on the order of minutes was strongly related to 
wind-induced movement and showed a rather random nature in forests due to the 
variability of wind patterns in space and time (see also Publication III [124]). For this 
time scale changes in the dielectric properties of the canopy and the ground layer can be 
ignored. The wind speed of 2 m/s already reduces the performance of Pol-InSAR inversion 
dramatically as volume decorrelation is biased. Therefore, the wind speed during the 
acquisition is the most critical parameter concerning the amount of temporal decorrelation 
for short-term repeat-pass times. 
 
5.5 Obtained results 
 
In the following, Pol-InSAR forest height inversion results are presented as obtained for X-
, L- and P-band for different forest types – boreal forests as well as temperate and tropical 
forests.  
It turned out that Pol-InSAR forest height corresponds best to forest top height H100 from 
ground measurements [238], [242] and [239]. For validation purposes H100 calculated 
from LIDAR measurements is used (see section 3.2.3). 
Cross validation was done on stand level i.e. with homogeneous forest areas with a mean 
size of ~ 3 ha – 5 ha. Every stand is represented by its mean value. This is necessary to 
compensate for the residual spatial misregistration between SAR and LIDAR reference 
data, occurring when georeferencing both data sets. Of course averaging also reduces the 
variation of the obtained estimates.  
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5.5.1 Pol-InSAR inversion results for different frequencies and forest types 
Most of the obtained results are published in Publication I [196], Publication II [280], 
Publication III [124] and Publication V [198].   
Publication II [280] compares forest heights obtained from the inversion of quad-pol 
POL-InSAR data sets at L-band (Eq. (5.16) in combination with Eq. 5.17) and forest 
heights obtained from the inversion of single-pol X-band InSAR data (Eq. (5.18) with   = 
0.01 dB/m) – both acquired with DLR’s E-SAR system [139] – over a boreal test site in 
southern Finland near Helsinki (Lat: 60° 11′, Long: 24° 29′) with forest height estimates 
from HUTSCAT scatterometer data [127], [152]. The results are displayed in Figure 28 
(top row for X-band and bottom row for L-band) and show that the forest height values 
estimated by means of two different radar instruments are in good agreement. A single 
measurement is somewhat noisy, but the general trend follows tree top level rather closely. 
For the higher forest stands, the variability in height estimates is higher while for smaller 
forest stands the variability is smaller, due to the variance of the volumetric coherence. 
The X-band follows better the actual tree crown structure and penetrates deeper in gaps 
between the trees than the L-band. In very sparse areas it performs better than L-band 
which has the tendency to underestimate forest heights therein.  
A profiling scatterometer instrument, like HUTSCAT, can give valuable information to 
support validation of POL-InSAR methods and helps to better understand backscattering 
processes in vertically distributed media like forests. 
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Figure 28: Transect of Pol-InSAR forest height estimates on top of HUTSCAT X-band vertical forest 
backscattering profile. Black dots represent the POL-InSAR forest height estimates for A: L-band and 
B: X-band. The x-axis is HUTSCAT flight direction, and the y-axis is HUTSCAT vertical range. 
Yellow areas correspond to backscattering from trees and ground. The red line corresponds to the 
automatically detected ground level. The transect length is approx. 2.5 km. © [2007] IEEE 
 
In Publication III [124] Pol-InSAR forest height estimates are presented over a tropical 
peat swamp forest and a tropical Dipterocarp forest in Southeast Asia (Indonesia) [122], 
[123], [187]. Pol-InSAR forest height inversion is primarily assessed at L- and P-band but 
also at higher frequencies, namely X-band. Critical performance parameters such as the 
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“visibility of the ground” at L- and P-band are addressed. Data were acquired with DLR’s 
E-SAR system [139]. 
First the question about the “visibility” of the ground was faced. The polarimetric and 
interferometric analysis demonstrated clearly the capability of both frequencies, L- and P-
band, to penetrate until the ground through dense Dipterocarp forest, with individual tree 
heights up to 60 m and local biomass levels even beyond 600 t/ha (for visualization of 
ground measurements see Figure 29).  
In the case of the Dipterocarp forest the Pol-InSAR forest height estimates have been 
validated against H100 values estimated from the ground measurements. For forest heights 
ranging from 15 up to 45 m the L- and P-band estimates where within 10 percent accuracy, 
even in hilly terrain. For the peat swamp forest the validation was done against LIDAR 
derived H100. For forest heights ranging from 5 to 27 m L-band estimates where 
characterized by an r² of 0.91 with an RMSE of 1.97 m, while the best P-band estimates 
show an r² of 0.94 with an RMSE of 1.74 m. The overall estimation accuracy for both test 
sites was better than 10 percent for both frequencies. The key limiting factor in estimation 
accuracy appears to be uncompensated non-volumetric decorrelation effects, especially 
temporal decorrelation. 
In the less dense peat swamp forest X-band is able to penetrate until the ground providing 
forest height estimates characterized by surprisingly high r² values on the order of 0.94 
with an RMSE of 1.77 m. This is a strong indication for the potential Pol-InSAR 
performance expected in the absence of temporal decorrelation. Generalisation of the X-
band performance is however critical as the “visibility” of the ground required for an 
unbiased inversion gets lost when going to denser forest conditions. 
 
 
Figure 29: Visualization of three 25 m x 32 m ground measurements plots of a Dipterocarp forest in 
Indonesia on the island of Borneo (Lat: -1°6’, Long: 116°49’) Publication III [124]. 
 
In Publication I [196] Pol-InSAR forest height estimation was successfully demonstrated 
in L- and P-band for forest heights up to 40 m in three different test sites representing three 
ecologically different forest types: boreal forest, temperate forest and tropical forest. A P-
band acquisition over dense tropical lowland forest in Indonesia with tree heights up to 60 
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m Publication V [198] could be successfully inverted and cross validated with LIDAR 
measurements. 
Publication V [198] addresses Pol-InSAR forest height estimation in X-band by means of 
TanDEM-X satellite data. For this, a large number of single- and dual-pol TDX data sets 
acquired over three different forest sites - a boreal, a temperate and a tropical site - at 
different acquisition modes have been analyzed. 
The suitability of TDX for Pol-InSAR forest applications depends on a) the penetration 
capability of X-band into forest vegetation and b) the polarimetric diversity of the 
interferometric coherence. Both effects were evaluated over all three sites for different 
acquisition geometries (i.e. on the incidence angle and spatial baseline) and for different 
environmental and seasonal conditions. 
For all sites, a strong correlation between the (height of the) phase center location and 
forest (top) height could be established. The corresponding correlation coefficients reached 
values of 0.9 and higher. The correlation varies with seasonal and environmental changes. 
A clear seasonal dependence could be observed between summer and winter acquisitions at 
the European test sites. For the tropical site the difference between wet and dry season was 
weaker.  
For the boreal site acquisitions at different look angles (19° and 32°) were analyzed 
indicating only a weak effect of the incidence angle on the penetration. For the Temperate 
site, impact of incidence (look) angle appeared stronger than at the boreal site. But here 
differences in phase center height due to different incidence (look) angles are mixed up 
with seasonal effects. 
The synthesis of the results suggest an unexpected high penetration at X-band but leave 
open the question of whether the penetration is induced by the propagation through the 
vegetation volume or partially through gaps in the vegetation layer that become relevant at 
the spatial resolution of the TDX data [385]. 
The polarimetric dependency of the interferometric coherence (expressed by means of the 
length of the dual-pol coherence region or polarimetric diversity) was strongly correlated 
to forest height in all sites. At the same time the effect of seasonal and environmental 
variability was clearly visible: For the boreal site, the penetration during the winter can be 
interpreted only with a sufficient large ground scattering contribution that makes an 
inversion based on the assumption of a “zero ground component” sub-optimal. 
The summer acquisitions were characterized by a smaller ground contribution supporting 
“zero ground component” inversion schemes. For the temperate site the winter acquisitions 
seemed to be better suited for inversion than the summer acquisitions as penetration was 
higher and the whole volume is “seen” by the radar (due to the lower attenuation in 
winter). In the tropical case the impact of seasonal effects on the polarimetric diversity was 
rather small. This allows to conclude that seasonal adapted acquisitions could improve the 
inversion performance and increase probably the number of forest types that can be 
investigated by means of Pol-InSAR techniques at X-band.  
Based on these observations, two forest height estimation approaches - one for the single-
pol case based on the availability of an external DTM and one for the dual-pol case that 
does not require any a priori knowledge have been proposed, implemented and applied on 
the available data sets. The obtained height estimates have been cross validated against 
LIDAR reference measurements. 
In forest conditions that allow a sufficient penetration at X-band, the performance of the 
two approaches was comparable and surprisingly high with a correlation of r² = 0.86 in the 
boreal and r² = 0.77 in the temperate site for the dual-pol case. At denser forest conditions, 
the variance of the dual-pol estimates increased (r² = ~0.50 in the tropical site) and finally 
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saturated with increasing height due to the insufficient penetration. Note that the single-pol 
inversion was not affected by saturation as it does not require a penetration until the 
ground. 
The achieved performance clearly indicates the advantage of a spaceborne single-pass 
interferometric implementation for forest applications. The absence of temporal 
decorrelation allows the achievement of a new quality in measurement accuracy that may 
allow the development of new applications and make a systematic monitoring of forest 
structure parameters - preferably at a lower frequency band – possible.  
 
5.5.2 Extinction  
Beside the forest height, Pol-InSAR inversion provides the value  , scaling the used 
backscatter function )(zfV  which can be interpreted as signal extinction or form factor (  
in Eq. (5.8) or   in Eq. (5.10)) [269], [352]. The extinction coefficient (or form factor) 
increases with increasing frequency [21] modifying )(zfV  and makes the interferometric 
coherence according to Eq. (5.8) frequency-dependent.  
An evaluation of   (in this case interpreted as signal extinction) of an airborne X-band 
acquisition (with DLR’s ESAR [139]) is shown in [192] over Kobernausser Wald. 
Kobernausser Wald is a temperate forest with single species even aged forest stands 
located in upper Austria (Lat: 48°04’, Long: 13°14’). H100 is between 5 m and 40 m. A 
detailed description of Kobernausser Wald test site is given in [188]. In case, extinction is 
considered as an indicator for canopy closure or canopy density, then extinction values 
reflect forest management strategy. In Figure 30 C, extinction is plotted as a function of 
forest height. Extinction increases until the forest reaches a height where harvesting 
activities i.e. thinning starts (  = 1 dB/m). Then, thinning is repeated in regular time 
intervals, decreasing canopy density and decreasing extinction as well, until the maximum 
heights are reached (  = 0.4 dB/m). A validation plot for the obtained forest heights 
applying Eq. (5.19) (Figure 30 A) and phase center height vs. reference height H100 
(Figure 30 B) are displayed as well. Reference H100 was obtained from LIDAR data. 
 
 
 
 
 
A B C 
Figure 30: Kobernausser Wald test site; left: InSAR height estimates Eq. (5.19) vs. LIDAR H100 
validation plot; middle: InSAR phase center height vs. LIDAR H100 validation plot; Extinction from 
Eq. (5.19) vs. LIDAR H100 plot, © [2010] IEEE 
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5.5.3 Change detection 
Repetitions of Pol-InSAR acquisitions enable to detect changes of forest height. In order to 
demonstrate forest change detection by means of Pol-InSAR estimated forest heights, two 
Pol-InSAR acquisitions made over Traunstein test site (for test site description see [198]) 
have been evaluated. The first acquisition took place in 2003 and the second in 2008, with 
both acquisitions a five year time period is covered. Forest height inversion was done by 
means of Eq. (5.16) in combination with Eq. (5.17).  
For validation homogeneous stands were delineated by means of ground measurements 
and aerial photographs. A validation plot for the 2008 Pol-InSAR acquisition with LIDAR 
H100 reference measurements is shown in Figure 31 C. A correlation coefficient r² of 0.93 
in combination with a RMSE (Root Mean Square Error) of 1.97 indicates fairly accurate 
Pol-InSAR height estimates. Figure 31 A shows the forest height map obtained from the 
Pol-InSAR data acquired in 2003 and Figure 31 B shows the forest height map from the 
2008 acquisition. A first visual comparison between the two acquisitions reveals already 
severe changes over large areas. Only small sections of the considered forest area remain 
unchanged. Changes may be caused by:  
 height growth,  
 logging or  
 disturbances (bark beetle, wind throw induced by thunder storms) 
Forest height growth is strongly dependent on the growth stage i.e. age of the trees and site 
conditions of a forest. Most tree species are highly productive at an age between 20 and 60 
years which corresponds to tree heights ranging from 10 m to 25 m. For this age classes 
height growth could reach 2 m to 5 m over a five-year period [289], [18]. For older trees 
height growth is slowing down to a maximum height growth of 1 m to 2 m during a five 
year period but is mostly even less.  
Three logging scenarios can be distinguished: Two selective logging scenarios and clear 
cuts or when all trees of one generation are removed. In the first selective logging scenario 
competitors of the dominant trees are removed (crown thinning) which has only a minor 
impact on H100. The second selective logging scenario starts when several trees in a stand 
have reached the predefined harvestable dimension, then the dominant trees i.e. the trees 
that reached the harvestable dimension, are removed, which lowers H100. In Traunstein 
selective logging of harvestable trees is actually the most abundant method for harvesting 
timber, which means that in old (=high) stands large trees are preferentially logged 
lowering H100.  
Disturbance events can be distinguished into large area and small area disturbances. Large 
area disturbances are often induced by strong winds i.e. hurricanes as they have the 
potential to tilt in one turn large forest areas, in some cases only single trees exposed to the 
wind are thrown down. Typical small area disturbances are small-scale deforestation to 
combat insect pests, for instance bark beetle in Norway spruce (picea abies). Forest 
disturbances are the most complex forest change scenarios and appear in many different 
forms.  
At Traunstein site large forest areas were affected by windthrow caused by the thunder 
storm “Kyrill” in 2007. These areas are indicated by a severe decrease of forest height 
(from 35 m to 5 m) between the acquisition in 2003 (Figure 31 A) and the acquisition in 
2008 (Figure 31 B) and are mainly found in the middle and on the left side of the scene. 
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Figure 31: Pol-InSAR forest height estimates over Traunstein site (for test site description see [198]) 
scaled from 0 m to 50 m; A: Forest height map from the acquisition of September 2003; B: Forest 
height map from the acquisition of July 2008; C: Validation plot LIDAR H100 vs. Pol-InSAR forest 
height estimates from July 2008. © [2013] IEEE  
 
Here are just a few selected examples for detected forest changes between the two 
acquisitions listed. Figure 32 shows selected details of the forest height maps presented in 
Figure 31 A and B. The forest height maps in the top row are from the 2003 acquisition 
(Figure 32 A, B and C) and the height maps in the bottom row from the 2008 acquisition 
(Figure 32 D, E and F). Figure 33 top row shows the associated histograms for the 2003 
acquisition in red, for the 2008 acquisition in blue and for the LIDAR H100 from 2008 in 
green, in the bottom row the pixel by pixel comparison between the forest height map of 
the 2003 acquisition and the forest height map of the 2008 acquisition is illustrated in form 
of a two-dimensional histogram where the color indicates the frequency in which a pixel 
combination appears (blue: rarely, yellow: moderate, dark red: often).  
Growth in large parts of the scene cannot be detected as here the forest is older than 60 
years and height growth for five years is small and is additionally mixed up with logging 
operations - the measurement accuracy is too insufficient as to detect such small changes.  
Figure 32 A shows a forest stand acquired in 2003 with a mean height of 18 m in which 
forest height growth of 2 m to 3 m can be expected for a five-year period. The 2008 
acquisition of this detail is displayed in Figure 32 B and reveals an increase of forest height 
in the order of 2 m (mean Pol-InSAR height in 2008 is 20 m) which is confirmed by the 
histograms in Figure 33 A and D and also by the LIDAR measurements (see green 
histogram in Figure 33 A).  
A disturbance scenario is given in the forest height map details shown in Figure 32 B for 
2003 and in Figure 32 D for 2008. The thunderstorm Kyrill caused severe windthrow in the 
lower part of the displayed map detail, in the upper part only a few large (emergent) trees 
were affected. The lower part, however, is of particular interest as the thunderstorm 
uncovered a second forest layer of advanced regeneration. In the lower part forest height 
dropped down from 35 m to 10 m. This is also clearly visible in the corresponding 
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histograms Figure 33 B and D. While in 2003 forest height was uniformly distributed (red 
histogram in Figure 33 B), in 2008 the histogram changed to a bimodal distribution (blue 
histogram in Figure 33 B). 
Forest height map details with a logging scenario revealing where the dominant trees are 
removed are shown in Figure 32 C for 2003 and in Figure 32 D for 2008. Typical for this 
scenario is that two processes are mixed up: first, forest growth for the considered period 
of time and second, decrease of forest height induced by removing a fraction of the largest 
trees. For this example height decrease was the dominant process. Mean Pol-InSAR forest 
height decreased from 30 m in 2003 to 27 m in 2008. The change of forest height can also 
be traced in the histograms in Figure 33 C and Figure 33 F. The broad distribution in the 2-
D histogram in Figure 33 F reflects the modified horizontal crown structure induced by 
logging of dominant trees and its impact on forest growth.  
 
 
 
 
 
 
 
 
 
 
 
 
A 
 
B 
 
C 
 
D 
 
E 
 
F 
Figure 32: Details of forest height maps over Traunstein site (for test site description see Publication 
V [198]) displayed in Figure 31 A and B; Top row from 2003 acquisition; Bottom row from 2008 
acquisition; A and D: Forest growth between 2003 and 2008; B and E: Forest disturbance; C and F: 
Logging scenario  
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F 
Figure 33: Comparison forest heights 2003 vs. 2008 from the forest height maps details displayed in 
Figure 32; Top row: Histograms of the height distribution of the selected area for the 2003 acquisition 
in red, the 2008 acquisition in blue and the corresponding LIDAR measurements from 2008 in green; 
Bottom row: a pixel by pixel comparison between the 2003 and the 2008 acquisition in form of a 2-D 
histogram where the color indicates the frequency a pixel combination appears (blue: rarely, yellow: 
moderate, dark red: often) 
 
5.6 Dual baseline forest height inversion 
 
Forest height inversion based on Eq. (5.16) in combination with Eq. (5.17) has been used 
successfully over a variety of forest and terrain conditions at L-band [269], [186], 
Publication II [280] Publication IV [218], Publication III [124], [211], at X-band 
Publication V [198], Publication II [280], [186], as well as in dense (tropical) forests at 
P-band Publication III [124], Publication I [196]. However, the validity of this 
assumption is not expected to be universal. The impactions arising when this assumption is 
no longer valid are discussed in the following. Particularly at P-band in combination with 
less dense forest conditions 0min m  has to be considered in the inversion. Additionally, the 
vertical backscatter function sometimes needs to be revised. A triangular vertical 
backscatter function as introduced in Eq. (5.10) is at times preferable to the exponential 
vertical backscatter function especially for long wave length over sparse and open forests.  
In repeat pass acquisitions it is always possible that data are affected by temporal 
decorrelation. A scalar temporal decorrelation contribution affecting only the volume part 
(see TV  in Eq. (5.30)) may be compensated by means of a multi-baseline Pol-InSAR 
approach.  
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5.6.1 Dual baseline forest height inversion accounting for 0min m  
The general RVoG case with 0min m  contains six real unknowns 321 ,,,, mmmhV   and 0  . 
In contrast to Eq. (5.16) unique inversion results for all unknowns can be obtained only by 
means of a second Pol-InSAR observation [191].  
Each of the two available spatial baselines with corresponding vertical wave numbers zi  
where }2,1{i  provides a set of three different complex coherences iwww ])(~)(~)(~[ 321   . 
A direct combination requires relative and absolute baseline to baseline phase calibration. 
An alternative way that relaxes the phase calibration requirements is to estimate first for 
each single baseline the complex coherence )|(~ 3 ziw    with the minimum ground 
component, i.e. the one associated with )|},,({~ min ziVV mh  . Then in a second step Vh ,   and 
minm  (that are baseline invariant) are estimated according to  
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Dual baseline forest height inversion follows in principle the three stage inversion process 
as described in section 5.3.1. But instead of a unique solution in terms of Vh  and   
combinations of different solutions for all possible minm  values – so called triplets of ,Vh  
and minm  – are obtained for each baseline. Then the solution space for the first baseline is 
),,( min1 kkVk mhS   and for the second baseline ),,( min2 llVl mhS   where k  is the number 
of triplets for the first baseline and l  for the second baseline. A unique result is obtained 
through the norm 
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In order to avoid baseline scaling effects it is recommended to rank (classifying in integer) 
,Vh  and minm  according to the used values in the look up table before applying Eq. 
(5.32).  
 
5.6.2 Dual baseline forest height inversion accounting for temporal 
decorrelation in the volume part TV  
The most usual non-volumetric decorrelation contributions in terms of repeat pass 
acquisitions is wind induced temporal decorrelation which is well described by the scalar 
term TV  in Eq. (5.30). It assumes that the scattering properties of the ground and the 
volume as well as the propagation properties through the volume do not change in the time 
between the two acquisitions. Note, that even if TV is real it biases the amplitude of )(~ wVol  . 
But the ground only point ( m ) remains unaffected by the presence of TV . TV  usually 
differs from acquisition to acquisition 21 TVTV    [217] introducing two additional scalar 
unknowns in Eq. (5.31). Assuming again 0min m  Vh ,  , 1TV  and 2TV  can be estimated 
according to [217] through 
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Similar to the dual baseline inversion approach presented in the previous section here 
combinations of different solutions for all possible TV  – in this case triplets of ,Vh  and 
TV  – are obtained for each baseline. Then the solution space for the first baseline is 
),,( 11 kTVkVkhS   and for the second baseline ),,( 22 lTVlVlhS   where k  is the number of 
triplets for the first baseline and l  for the second baseline. A unique result is then obtained 
through the norm 
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Also here a ranking (classifying in integer) of ,Vh  according to the used values in the 
look up table is strongly recommended before applying Eq. (5.34). 
 
5.6.3 Results dual baseline forest height inversion 
The aforementioned algorithms (Eq. (5.31) in combination with Eq. (5.32) and Eq. (5.33) 
in combination with Eq. (5.34)) are now demonstrated by means of P-band data acquired 
over a (hemi-) boreal forest in southern Sweden – stated Remningstorp test site (Lat: 
58,46°, Long: 13,63°).  
The Remningstorp forest is part of the southern ridge of the boreal forest zone in transition 
to the temperate forest zone. Forest in Remningstorp site is clearly less dense / more sparse 
then in the before introduced temperate and tropical test sites. Topography is fairly flat 
with some small hills and ranges between 120 m and 145 m AMSL. It is a managed forest, 
divided into several stands with similar forest structure. Prevailing tree species are Norway 
spruce (Picea abies), Scots pine (Pinus sylvestris) and birch (Betula spp.). Forest height 
ranges from 5 m to 35 m, with biomass levels from 50 t/ha to 300 t/ha. For the test site a 
LIDAR data set is available for validation. 78 homogeneous stands have been delineated 
on the basis of LIDAR measured height H100 (see section 3.2.3). The mean area of a stand 
is on the order of 5.9 ha.  
All in all three Pol-InSAR data sets at P-band were acquired with DLR’s E-SAR system 
[139]. Data acquisitions were done on three different dates: 9th March, 2nd April and 2nd 
May 2007 [210]. From these three data acquisitions, two temporal baselines on the order of 
one month could be generated: 9th March – 2nd April (24 days) and 2nd April – 2nd May 
2007 (30 days). Data enable forest height inversion for single acquisition day as well as the 
combination of two acquisition dates with the corresponding temporal baseline. 
The images in Figure 34 provide a first impression of Remningstorp site. Figure 34 A 
shows the aerial photograph of the scene, Figure 34 B the corresponding Pauli amplitude 
image where the colors indicate different scattering mechanisms (red = double bounce 
scattering, green = volume scattering and blue = single bounce scattering; see section 
4.2.2). It is striking that in the Pauli image the forested area is much more dominated by 
double bounce scattering than in the denser forest of the Traunstein site acquired at L-
band(see Figure 16 C). Figure 34 C and D show the interferometric coherence over the 
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scene for the acquisitions taken on the 2nd May for a 15 m ( Z  ranges between 0.03 rad/m 
and 0.12 rad/m) and a 30 m ( Z  ranges between 0.08 rad/m and 0.21 rad/m) baseline 
where white indicates a coherence of 1 and black a coherence of 0. Coherence decreases 
over the forested parts with increasing baseline which is an indication that volume 
decorrelation is the dominant decorrelation process over the forested areas.   
 
A B C D 
Figure 34: Remningstorp site (Lat: 58,46°, Long: 13,63°) P-band airborne data 2nd May 2007; A: 
Aerial photograph; B:Pauli amplitude image, red: double bounce scattering; green: volume 
scattering (multi bounce) blue = single bounce scattering (surface); C: Interferometric coherence for 
a 15 m baseline scaled from 0 (black) to 1 (white); D: Interferometric coherence for a 30 m baseline 
scaled from 0 (black) to 1 (white) 
 
Impact of the reflectivity funtion 
A Forest height map as obtained applying Eq. (5.16) in combination with Eq. (5.17) is 
displayed in Figure 35 B and the corresponding validation plot in Figure 35 E. The LIDAR 
reference height H100 used for validation is displayed in Figure 35 A.  
Forest height estimates in Remningstorp site are clearly underestimated and at the same 
time characterized by a significant larger variance. While the reason for the higher variance 
may be the reduced sensitivity of P-band to forest vegetation in this forest environment, the 
reason for the underestimation is expected to be in the mismatch between the inversion 
model (i.e. assumption on the vertical backscatter function) and the data. To evaluate better 
the second point, the inversion of the Remningstorp data set has been repeated under the 
assumption of an exponential volume profile allowing this time also height solutions 
corresponding to negative exponential profile functions i.e. inverse scattering distributions 
- as shown in the vertical reflectivity function )(zfV  in Figure 22 C, the corresponding 
solution space is indicated by the blue dots in Figure 23 A - then the inversion is solved by 
Eq. (5.16) only. The obtained results improve. The corresponding forest height map is 
displayed Figure 35 C and the validation plot in Figure 35 F.  
The impact of the vertical reflectivity function )(zfV  on the underestimated forest heights 
is further investigated by introducing 0min m . In this case, the inversion problem obtained 
for a single baseline is balanced but not unique solvable. A second baseline is required in 
order to establish uniqueness (see Eq. (5.31)). The forest height map obtained is shown in 
Figure 35 D, the corresponding validation plot in Figure 35 F. The obtained results 
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improve again – the RMSE reduces from 5.3m in Figure 35 F to 3.9 m in Figure 35 G but 
are still significantly higher than obtained for an L-band acquisition over the same test site 
with a RMSE of 1.6 m as shown in Publication IV [218]. 
 
 
 
A B C D 
 
E F G 
Figure 35: Remningstorp site forest height maps (A-D) with corresponding validation plots (E–G);  
A: LIDAR H100 forest height map;  
B: Pol-InSAR forest height map applying a positive exponential profile 0min m  obtained from the 
9th March acquisition – single baseline Eq. (5.16) in combination with Eq. (5.17);  
C: Pol-InSAR forest height map applying a positive as well as a negative exponential profile and 
0min m  obtained from the 9th March acquisition – single baseline Eq. (5.16);  
D: Pol-InSAR forest height map applying a positive as well as a negative exponential profile and 
0min m  obtained from the 9th March acquisition – dual baseline Eq. (5.31);  
E: Validation plot LIDAR H100 vs. Pol-InSAR forest heights applying a positive exponential profile 
0min m  obtained from the 9th March acquisition – single baseline Eq. (5.16)  in combination with 
Eq. (5.17) (forest height map B);  
F: Validation plot LIDAR H100 vs. Pol-InSAR forest heights applying a positive as well as a 
negative exponential profile and 0min m  obtained from the 9th March acquisition – single baseline 
Eq. (5.16) (forest height map C); 
G: Validation plot LIDAR H100 vs. Pol-InSAR forest heights applying a positive as well as a 
negative exponential profile and 0min m  obtained from the 9th March acquisition – dual baseline 
Eq. (5.31) (forest height map D); 
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Single-baseline inversion has been repeated for the Remningstorp data set assuming again 0min m  
and using instead of the exponential the linear volume profile allowing also negative profiles as 
displayed in the vertical reflectivity profiles in Figure 22 D (positive) and E (negative) using Eq. 
(5.16). The corresponding solution space is shown by the red (positive reflectivity profile) and blue 
(negative reflectivity profile) dots in Figure 23 B. The achieved forest height map is shown in 
Figure 36 A, the corresponding validation plot in Figure 36 E. The results indicate a better 
performance when compared to the corresponding results achieved by the exponential volume 
profile shown in Figure 35 C and F.  
Finally, dual-baseline inversion has been performed for the Remningstorp data set using the linear 
volume profile, allowing inverse scattering distributions and assuming 0min m  by means of the dual 
baseline inversion introduced in Eq. (5.31). The obtained forest height map is shown in Figure 36 B, 
the corresponding validation plot in Figure 36 F. The Results indicate a superior performance 
compared to all other previously investigated inversion scenarios. 
Impact of temporal decorrelation 
The impact of temporal decorrelation as the most prominent and at the same time most critical 
representative of non-volumetric decorrelation contributions has been investigated subsequently for 
the previously used test site Remningstorp at P-band. For the investigations a realistic temporal 
decorrelation scenario for a spaceborne sensor has been selected. The semi-boreal forest site of 
Remningstorp has been acquired three times within three months (March, April and May) in 2007 
with a temporal baseline of about one month.  
Figure 36 C shows the forest height map and Figure 36 G the corresponding validation plot for a 
forest height inversion based on the 9th March in combination with the 2nd April data with one 
month temporal baseline applying a positive as well as a negative linear profile and assuming 
0min m  using Eq. (5.16). Temporal decorrelation was not accounted for. Forest height is 
significantly overestimated (biased), r² = 0.42 and RMSE = 5.4 m. 
In order to compensate for temporal decorrelation the dual baseline height inversion scenario of Eq. 
(5.33) was applied to the Remningstorp data. The two one month temporal baselines 9th March in 
combination with 2nd April and 2nd April in combination with 2nd May were used. Figure 36 D 
shows the obtained forest height map and Figure 36 H the corresponding validation plot for the dual 
baseline inversion scenario accounting for two different scalar temporal decorrelation coefficients 
for the volume part ( 1TV  and 2TV ). The inversion performance is significantly improved (r² = 0.46 
RMSE = 4.2 m) and the height bias is removed. Results showed that a compensation of two scalar 
temporal decorrelation factors (one for each baseline) is feasible. 
Of course the suggested algorithm provides only a rough compensation of temporal decorrelation 
effects in the inversion. The assumption of a scalar temporal decorrelation coefficient does not 
account for changes of the phase (i.e. height of the scattering center or the form factor) between two 
acquisitions. Phase changes are usually induced by changes in the dielectric properties of the 
scatterer induced by rain, snow or significant changes of the temperature (for instance frozen vs. non 
frozen conditions Publication V [198]). Additionally, Remningstorp data were acquired during 
foliation period (March to May). Even though change effects of foliation in coniferous forests play 
only a minor role nonetheless during this period trees start to produce new twigs and needles. 
However, P-band seems to be anyway less sensitive to small forest compartments like twigs and 
needles.    
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Figure 36: Remningstorp site forest height maps (A-D) with corresponding validation plots (E–H);  
A: Pol-InSAR forest height map applying a positive as well as a negative linear profile and 0min m  
obtained from the 9th March acquisition – single baseline Eq. (5.16);  
B: Pol-InSAR forest height map applying an positive as well as a negative linear profile and 0min m  
obtained from the 9th March acquisition – dual baseline Eq. (5.31);  
C: Pol-InSAR forest height map applying a positive as well as a negative linear profile and 0min m  
with one month temporal baseline obtained from the 9th March and the 2nd April acquisition – single 
baseline Eq. (5.16); 
D: Pol-InSAR forest height map applying a positive as well as a negative linear profile 0min m  and 
accounting for 1TV  and 2TV  with one month temporal baseline obtained from the 9th March, the 
2nd April and the 2nd May acquisition – dual baseline Eq. (5.33); 
E: Validation plot LIDAR H100 vs. Pol-InSAR forest height map applying a positive as well as a 
negative linear profile and 0min m  obtained from the 9th March acquisition – single baseline Eq. 
(5.16) (forest height map A); 
F: Validation plot LIDAR H100 vs. Pol-InSAR forest height map applying an positive as well as a 
negative linear profile and 0min m  obtained from the 9th March acquisition – dual baseline Eq. 
(5.31) (forest height map B); 
G: Validation plot LIDAR H100 vs. Pol-InSAR forest height map applying a positive as well as a 
negative linear profile and 0min m  with one month temporal baseline obtained from the 9th March 
and the 2nd April acquisition – single baseline Eq. (5.16) (forest height map C); 
H: Validation plot LIDAR H100 vs. Pol-InSAR forest height map applying a positive as well as a 
negative linear profile 0min m  and accounting for 1TV  and 2TV  with one month temporal baseline 
obtained from the 9th March, the 2nd April and the 2nd May acquisition – dual baseline Eq. (5.33) 
(forest height map D). 
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6 Relevant SAR satellite missions for Pol-InSAR forest 
monitoring 
 
SAR is a remote sensing technology which is most advantageously operated from 
spaceborne platforms. The particular characteristics of SAR technology such as spatial 
resolution, spatial coverage or acquisition capacity can only prove effective (most 
economical) from space.  
In order to apply Pol-InSAR techniques to spaceborne SAR sensor at least a dual pol mode 
is required [46] and then Pol-InSAR data are acquired in a repeat pass mode. It should be 
noted that in order to keep temporal decorrelation effects as small as possible, the repeat 
pass time should be kept shortest possible. Of course, in order to obtain best results, 
acquisitions in a quad pol mode are highly demanded. 
However, when it comes to spaceborne repeat-pass implementations, the inherent presence 
of temporal decorrelation biases the interferometric coherence estimates, thus degrading 
the sensitivity to vertical scattering structure and limiting the performance of Pol-InSAR 
inversion techniques Publication III [124], Publication IV [218], [267], [211], [204]. 
Short term decorrelation effects (for example, wind induced temporal decorrelation) may 
affect Pol-InSAR acquisitions even at short temporal baselines in the order of a few hours 
up to a few days Publication III [124], Publication IV [218]. However, most spaceborne 
SAR systems are operated with a repeat pass time in the order of weeks to months. This is 
the main reason why polarimetric spaceborne missions such as the CSA’s (Canadian Space 
Agency) RadarSAT-2 (Radarsatellite-2 operated at C-band) or JAXA’s (Japan Aerospace 
Exploration Agency) ALOS-PALSAR (Advanced Land Observing Satellite – Phased 
Array type L-band Synthetic Aperture Radar) could not essentially contribute to a large 
scale demonstration of Pol-InSAR techniques nor to the development of new Pol-InSAR 
applications [204], Publication IV [218]. 
Subsequently ALOS/ALOS-2 (see section 6.1) and TanDEM-X (see section 6.2) have been 
investigated in more detail for their suitability to apply Pol-InSAR techniques. 
 
6.1 ALOS, ALOS-2 
 
After the SIR-C/X-SAR (Shuttle Imaging Radar C- and X-Band Synthetic Aperture Radar) 
mission in 1994 [373] ALOS-PALSAR was the first mission providing again quad-pol 
SAR data at L-band and offering the opportunity to apply Pol-InSAR techniques. 
Unfortunately, ALOS quad-pol repeat pass data were only offered for experimental 
acquisitions and not as operational standard product.  
 
6.1.1 System characteristics 
The main technical characteristics of the ALOS-PALSAR instrument are summarized in 
Table 2 [302]. ALOS PALSAR has a repeat pass time of 46 days. Full chirp bandwidth (28 
MHz) is only available for single-pol acquisitions. In case of dual- or quad-pol acquisitions 
bandwidth is reduced to 14 MHz. Single- and dual-pol acquisitions were acquired by 
default with 41.5° off-nadir angle while quad-pol acquisitions were acquired by default 
with 21.5° off-nadir angle. In the standard single-pol data acquisition mode (stripmap) the 
swath width is 70 km with a spatial resolution of 9 m x 10 m (range x azimuth) with one 
look in range and two looks azimuth. At quad-pol acquisitions swath width is reduced to 
6 Relevant SAR satellite missions for Pol-InSAR forest monitoring  
 
90
30 km with a spatial resolution of 30 m x 10 m (range x azimuth) with one look in range 
and two looks azimuth. In the ScanSAR mode swath width can be extended to 350 km in 
which an incidence angle range from 20.1° to 36.5° is covered, but then spatial resolution 
is reduced to 100 m in azimuth (two looks). ScanSAR acquisitions can only be performed 
in a single polarization (HH or VV). A detailed description of the ScanSAR mode can be 
found in [112]. 
Unfortunately, ALOS stopped working in April 2011. The follow-on mission ALOS-2 
with the PALSAR-2 sensor was launched in May 2014.  
 
 
 
Table 2: ALOS PALSAR System Characteristics according to [302] 
Center 
frequency/ 
wavelength 
Repeat pass 
time 
Acquisition 
modes 
Spatial 
resolution 
(range - 1 
look x 
azimuth - 2 
looks) 
Chirp band 
width 
Coverage 
(Swath 
width) 
Off 
nadir 
angle 
0  
1270 MHz/ 
23.6 cm 
(L-band) 
46 days 
Single Pol 
(HH or VV) 9 m x 10 m 28 MHz 70 km at 
41.5° off-
nadir angle 9.9° - 
50.8° 
Dual Pol 
(HH + HV, 
VV + VH) 
19 m x 10 m 
14 MHz Quad Pol (HH + HV + 
VV + VH) 
30 m x 10 m 
30 km at 
21.5° off-
nadir angle 
ScanSAR 
(HH or VV) 
17 m – 40 m 
x 100 m 350 km  
20.1° - 
36.5° 
 
Table 3: ALOS-2 PALSAR-2 System Characteristics according to [341] and [261] 
 
Center 
frequency/ 
wavelength 
Repeat pass 
time 
Acquisition 
modes 
Spatial 
resolution 
(range - 1 
look x 
azimuth - 2 
looks) 
Chirp band 
width 
Coverage 
(Swath 
width) 
Off 
nadir 
angle 
0  
1270 MHz/ 
23.6 cm 
(L-band) 
14 days 
Single Pol 
(HH or VV) 
3 m x 3 m 84 MHz 
50 km at 
41.5° off-
nadir angle 30° - 
40° 
Dual Pol 
(HH + HV, 
VV + VH) 
Quad Pol 
(HH + HV + 
VV + VH) 
6 m x 6 m 42 MHz 
50 km at 
21.5° off-
nadir angle 
ScanSAR 
(Single- Pol 
and Dual-
Pol) 
100/60 m x 
100/60 m  14/28 MHz 350/490 km 
30° - 
40° 
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System characteristics of ALOS-2 are summarized in Table 3 [341], [261]. So far (August 
2014), there is no data from PALSAR-2 available. Compared to the previous mission the 
repeat pass time with 14 days now is strongly reduced. Spatial resolution is improved. In 
the single- and dual-pol mode ALOS-2 takes advantage of the 84 MHz Chirp band width 
which results in a maximum spatial resolution of 3m x 3m in the quad-pol mode Chirp 
band width is reduced to 42 MHz which translates to a maximum spatial resolution of 6 m 
x 6 m. ScanSAR mode is similar to ALOS PALSAR. 
 
6.1.2 Pros 
Results in section 5.5 and 5.6 as well as results in literature (see section 3.3.3.2) indicate 
that L-band is a well-suited frequency for Pol-InSAR vegetation applications. Obtained 
results from L-band data convinced for boreal forests, for temperate forests as well as for 
various types of tropical forests [269], Publication III [124], Publication IV [218] and 
Publication I [196].  
ALOS as well as ALOS-2 quad-pol repeat pass acquisitions would enable an exemplary 
Pol-InSAR in orbit demonstration. Unfortunately, ALOS did not provide a systematic 
acquisition strategy neither in quad-pol mode nor for quad-pol repeat pass (Pol-InSAR) 
acquisitions [302]. ALOS-2 provides at least a systematic quad-pol acquisition strategy 
with nearly global coverage (all forested areas are covered) [341]. 
The availability of quad-pol data is a favourable condition for Pol-InSAR demonstration 
and Pol-InSAR vegetation applications. 
 
6.1.3 Cons 
The most restrictive condition of the ALOS system for Pol-InSAR vegetation applications 
is the long repeat pass time. Vegetation cover decorrelates during the 46 days repeat pass 
time almost completely.  
A typical temporal decorrelation scenario of ALOS-PALSAR is now demonstrated by 
means of an ALOS Pol-InSAR acquisition over Oberpfaffenhofen test site (see Figure 37)  
Oberpfaffenhofen site is located in the South-East of Germany around the center 
coordinates Lat: 48°04’ and Long: 11°19’. The climatic conditions favour temperate mixed 
mountainous forest stands, dominated by Norway spruce, beech and fir. It is a managed 
forest composed of even-aged stands (mainly older forest parts) and mixed uneven-aged 
stands (mainly younger forest parts), with forest heights from 10 m up to 40 m and higher. 
The mean biomass level is in the order of 210 t/ha. 
Figure 37 A shows the amplitude image in HH polarization over Oberpfaffenhofen site and 
Figure 37 C the corresponding interferometric coherence after 46 days repeat pass time 
with a mean height of ambiguity of 57 m ( z ~0.11 rad/m) which is optimum for a wide 
range of forest heights (see Figure 27) 
In order to characterize the scattering processes Freeman decomposition was applied 
according to [92], [386] (see Figure 37 B). Three different scattering types are identified: 
surface scattering (mainly agricultural areas), dihedral scattering (mainly urban areas) and 
volume scattering (mainly forest areas). 
The measured interferometric coherences assigned to a certain scattering process are 
displayed in Figure 38 in form of histograms (blue: surface scattering, red: dihedral 
scattering and green: volume scattering). As a rule of thumb and in order to allocate a pixel 
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to a certain scattering mechanism, at least two third of the total backscattered power in all 
polarizations ( SPAN ) must correspond to that scattering mechanism. 
Lowest coherences are measured for volume scatterers – 2.0Obs  which corresponds 
approximately to the coherence bias induced by the coherence estimation method for 0  
i.e. complete decorrelation (see Figure 19 C) – followed by surface scatterers and dihedral 
scatterers. In case of volume scatterer temporal decorrelation seems to be the dominant 
decorrelation source. Volume decorrelation plays only a minor role [352], [269], [41]. 
Indeed, for the given baseline a forest height of 50 m (which is by far too high for this test 
site) would explain a maximum volume decorrelation of only 0.4.  
In the upcoming ALOS-2 mission repeat pass time is reduced to 14 days. Investigations of 
airborne L-band data with 15 days temporal baseline revealed that even for this scenario 
temporal decorrelation may be too high to be compensated or to obtain reliable Pol-InSAR 
inversion results (see Publication IV [218], [197]).  
In section 5.2 (see also Publication I [196]) the vertical wavenumber z  was identified as 
one of the most critical parameters for an accurate Pol-InSAR forest height estimation. In 
Publication I [196] it is stated that the baseline needs to be adapted to the prevailing forest 
conditions on the ground. But the baseline at spaceborne repeat pass scenarios (for instance 
for ALOS-PALSAR) is mainly set through arbitrary deviations of the platform within the 
orbital tube. Usually several acquisitions are required in order to get a usable 
interferometric pair of a scene. In the case of ALOS both too small ( z  > 0.15) and too 
large baseline ( z  < 0.05) are often obtained. 
Two main conditions need to be fulfilled for a usable Pol-InSAR repeat pass data set: low 
temporal decorrelation and a flight constellation forming an appropriate baseline. The 
achievement of both conditions turns the acquisition of Pol-InSAR data with ALOS-
PALSAR as well as with ALOS-2-PALSAR-2 into a challenge difficult to meet. 
 
 
A 
 
B 
 
C 
Figure 37: ALOS-PALSAR quad-pol acquisition Oberpfaffenhofen test site (Lat: 48°04’, Long: 
11°19’); A: amplitude image 2007-04-02 HH Polarization; B: RGB-coded Freeman decomposition 
image from 2007-04-02, blue: surface scattering; red: dihedral scattering; green: volume scattering; C: 
interferometric coherence HH Polarization between images 2007-02-15 and 2007-04-02 scaled from 0 
(black) to 1 (white) for a height of ambiguity of 57 m ( z ~ 0.11 rad/m) and 49 looks. 
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Figure 38: Histogram interferometric coherence between 2007-02-15 and 2007-04-02 for different 
scattering mechanisms: dihedral (red), surface (blue) and volume (green). 
 
 
Figure 39: Range decorrelation Rg  (Eq. (4.52)) as a function of baseline ( z ) for the ALOS-PALSAR 
sensor in quad-pol mode ( 0f =1.270GHz; W = 14 MHz) 
 
Another cause reducing inversion performance is the limited bandwidth of ALOS-
PALSAR in the quad-pol mode with only 14 MHz. Figure 39 shows Rg  (Eq. (4.52)) as a 
function of baseline ( z ) for the ALOS-PALSAR sensor. Rg  is, with values between 0.92 
for z  = 0.05 rad/m and 0.78 rad/m for z  = 0.15 rad/m i.e. the z  range of high 
performance, rather high. A compensation of Rg  through range spectral filtering would 
dramatically decrease the already sparse resolution. Of course a scalar compensation of Rg  
would be possible too. But the high Rg  values introduce additional statistical deviations to 
the interferometric phase and coherence estimates decreasing Pol-InSAR inversion 
performance. The 46 MHz bandwidth of ALOS-2 is therefore more favourable for Pol-
InSAR forest height inversion. 
In the field of forest monitoring ALOS–PALSAR was mainly used for forest classification 
applications (see for instance [137]) or to obtain empirical backscatter to biomass relations 
(see for instance [247]). 
 
6.2 TanDEM-X 
 
The TanDEM-X (TDX, launched in June 2010) and TerraSAR-X (TSX, launched in June 
2007) platforms, together form the first single-pass polarimetric interferometer in space 
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and allow, for the first time, the acquisition of single-, dual-, and quad-polarimetric Pol-
InSAR data without the disturbing effect of temporal decorrelation.  
The primary objective of the TanDEM-X mission is the generation of a world-wide, 
consistent, timely, and high-precision digital elevation model (DEM) [179], Publication 
VI [185] second objective is to carry out different scientific radar experiments that show 
the great potential of future formation-flying interferometric SAR missions to serve novel 
remote sensing applications Publication VI [185]. An overview of the TanDEM-X 
mission and its actual status and performance including results from scientific SAR 
experiments is given in Publication VI [185]. The TanDEM-X mission enables not only 
the acquisition of a global DEM with unprecedented accuracy, but also the demonstration 
of highly innovative bistatic and multistatic SAR techniques and applications including 
Pol-InSAR vegetation applications.  
 
6.2.1 System Characteristics 
The TanDEM-X mission scenario (see sketch in Figure 40) and orbit parameters are 
designed to fulfill the specifications of the DEM product. To accomplish this, Earth’s total 
landmass is mapped at least twice, in two acquisition periods, with heights of ambiguity 
ranging from 35 m to 60 m [12]. Important system parameters of TanDEM-X are 
summarized in Table 4 (see also [343] and [179]). The rather high bandwidth with 150 
MHz in the standard operation mode and even 300 MHz on request results a high spatial 
resolution.  
 
 
 
Table 4: TanDEM-X System Characteristics according to [343] and [179] 
Center 
frequency/ 
wavelength 
Repeat pass 
time 
Acquisition 
modes 
Spatial 
resolution 
(range - 1 
look x 
azimuth - 2 
looks) 
Chirp band 
width 
Coverage 
(Swath 
width) 
Off 
nadir 
angle 
0  
9.65 GHz/ 
3.2 cm 
(X-band) 
single pass 
system 
Single Pol 
(HH, HV, 
VV, VH) 
3.5 – 1.7 m x 
3.3 m 
dependent on 
incidence 
angle 
150 MHz 
(max. 300 
MHz) 
~30 km 
depends on 
off-nadir 
angle 
20° - 
45° 
Dual Pol 
(HH + VV, 
HH + HV, 
VV + VH) 3.5 – 1.7 m x 
6.6 m 
dependent on 
incidence 
150 MHz 
15 km 
depends on 
off-nadir 
angle 
Quad Pol 
(HH + HV + 
VV + VH) 
only for 
experimental 
acquisitions 
ScanSAR ( 
HH, HV, 
VV, VH) 
3.5 – 1.7 m x 
18.5 m 
dependent on 
incidence 
angle 
100 km 
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Figure 40: TanDEM-X satellite constellation provided by DLR. © [2007] DLR 
 
But the mapping capacity of TanDEM-X is compared to ALOS/ALOS-2 (see Table 2 and 
Table 3) due to the smaller swath width (50 km for ALOS/ALOS-2 vs. 30 km for 
TanDEM-X single-pol acquisitions and 15 km for TanDEM-X dual-pol and quad-pol 
acquisitions) much lower.  
 
6.2.2 Pros 
Of course, greatest benefit of TanDEM-X for Pol-InSAR applications is the single pass 
bistatic mode. The absence of temporal decorrelation facilitates Pol-InSAR forest height 
inversion and is in the case of X-band a necessary precondition that enables Pol-InSAR 
applications.  
Regarding the choice of polarization, the TDX and TSX instruments allow the acquisition 
of conventional co-/cross-polarized dual-pol data (i.e. HH and VH, or VV and HV) but 
also co-polarized dual-pol data (i.e. HH and VV) – a precondition for Pol-InSAR 
applications. The relatively small ground scattering contributions at X-band compared with 
the high additive noise level at the cross-polarized channels (with a noise equivalent sigma 
zero NESZ on the order of 20dB  – 24dB  – see [194]) make the co-polarized dual-pol 
mode better suited (in terms of performance) for Pol-InSAR applications [47], [194].  
The availability of quad-pol acquisitions - acquired in a dedicated quad-pol operation 
phase - may improve Pol-InSAR inversion performance. However, constrains imposed by 
the penetration depth and the low NESZ will remain.  
 
6.2.3 Cons 
Unfortunately, the fact that vegetation extinction increases with frequency, reducing the 
penetration into (and through) vegetation layers, makes X-band a rather sub-optimal choice 
for forest structure mapping at least in a global sense Publication V [198], [192].  
However, a number of InSAR experiments have indicated that in several cases - primarily 
in boreal and less dense forest environments - a rather surprising penetration into forest and 
vegetation scatterers occurs [192], Publication III [124], Publication II [280], [97], [333]. 
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This has been supported by interferometric and radargrammetric analyses of spaceborne 
repeat pass data from TSX and COSMO-SkyMed [277]. 
Feasibility and performance of forest Pol-InSAR applications at X-band critically depends 
on two effects:  
1) The capability of X-band to penetrate into and through the forest: The penetration 
is required in order to “see” enough from the forest volume: The maximum 
vegetation height that can be resolved is given by the penetration depth. With 
further increasing height the interferometer does not "see" anymore the whole 
volume and the height estimation "saturates". The penetration capability depends in 
general on the density and dielectric properties of the forest or canopy layer. Both 
parameters vary spatially and in time for many forest types in a seasonal cycle.  
2) The dependency of the interferometric coherence (in amplitude and phase) on the 
polarization(s) of the images used to form the interferogram. This again depends on 
the polarimetric properties of the individual scatterers and their distribution in 
height. A reduced polarization dependency indicates a limit in the information 
content of the Pol-InSAR observation space reducing the value of the polarimetric 
diversity in interferometric measurements and makes a successful Pol-InSAR 
inversion impossible.  
The choice of the spatial baseline (expressed in terms of the vertical wavenumber) has a 
critical impact on the inversion performance Publication I [196]. Too small spatial 
baselines limit the sensitivity to forest height variation and / or increase the errors induced 
by uncompensated non-volumetric decorrelation contributions Publication IV [218]. Too 
large baselines lead to (too) low coherence levels and limit the range of heights that can be 
mapped. The fact that TDX follows pre-defined vertical wavenumber cycles that are 
optimized with respect to the DEM acquisition strategy, restricts the availability of 
optimum vertical wavenumber regimes for forest parameter estimation. However, the 
selection of a more appropriate beam (i.e. look angle) provides one degree of freedom to 
partially optimize the given spatial baseline configuration.  
The main mission objective of the TanDEM-X mission is the acquisition of the global 
DEM [179], Publication VI [185]. Pol-InSAR acquisitions are only available as 
experimental requests and are competing with other experiments making a systematic Pol-
InSAR acquisition of the earth with proper baselines impossible. Therefore, TanDEM-X 
can only be used for an exemplary demonstration of Pol-InSAR at X-band from a 
spaceborne sensor (see Publication VI [185]). 
The rather high noise level especially at the HV channel causes a rather high noise 
decorrelation making HV polarization suboptimal for any Pol-InSAR applications. 
Therefore, Pol-InSAR applications are in the case of TanDEM-X limited to the HH and the 
VV channel [194].  
 
6.2.4 Summary TanDEM-X  
Nonetheless, TanDEM-X opened opportunities for several new innovative approaches of 
forest monitoring mainly using interferometric data [32], [333], [357], [7], for instance 
biomass classification as demonstrated in [32] for boreal forests. X-band has its strength 
mainly in less dense forest conditions as found in boreal forests.  
Pol-InSAR forest height inversion could be successfully demonstrated with TanDEM-X 
data Publication VI [185], [195], [196].  
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6.2.5 Temporal decorrelation at TanDEM-X monostatic acquisitions  
From July until September 2010 both TanDEM-X and TerraSAR-X were operated in a 
monostatic mode separated by approximately 20 km in the along-track direction that 
translates in a temporal baseline of approximately three seconds. During the monostatic 
phase several acquisitions were taken over Mawas site.  
The Mawas site is an Indonesian forest conservation area located on the island of Borneo 
in Central Kalimantan (Lat: -2°09’, Long: 114°27’). It is covered with tropical peat swamp 
forest that is still marked by strong logging activities carried out in the early 1990’s. Forest 
height reaches up to 30 m; the mean biomass is around 200 t/ha with maximum values up 
to 300 t/ha. The terrain topography is rather flat and varies slowly from 5 m to 50 m 
A.M.S.L. 
Figure 41 C and Figure 41 D show the interferometric coherence of two TanDEM-X 
monostatic single-pass acquisitions (2010-09-06 and 2010-08-04) over the Mawas site in 
HH polarization. In Figure 41 A and C the corresponding amplitude images are displayed. 
The scene is nearly completely covered with forest. Both acquisitions had rather small 
interferometric baselines as indicated by their height of ambiguity. 
The acquisition of 2010-09-06 has a height of ambiguity of 157 m ( z ~0.04 rad/m). Here, 
for the given baseline, a forest height of 50 m (which is by far too high for this test site) 
would explain a maximum volume decorrelation of only 0.9. The acquisition from 2010-
08-04 has a height of ambiguity of 104 m ( z ~0.06 rad/m). Here, for the given baseline, a 
forest height of 50 m (which is by far too high for this test site) would explain a maximum 
volume decorrelation of only 0.8. But in both images appear over large areas lower 
coherences. 
In the lower part of the coherence image of 2010-08-04 (Figure 41 D) patches of coherence 
around 0.2 are visible, while the coherence image from 2010-09-06 (Figure 41 B) is all 
over impaired by patches of low coherence. In fact, both images are affected by temporal 
decorrelation induced by a thunderstorm during the image acquisition. 
 
 
A 
 
B 
 
C 
 
D 
Figure 41: Pursuit monostatic acquisitions Mawas test site (Lat: -2°09’, Long: 114°27’); A: amplitude 
image in HH polarization, 2010-09-06 B: Interferometric coherence in HH polarization scaled from 0 
(black) to 1 (white), 2010-09-06 (height of ambiguity = 104 m); C: amplitude image in HH 
polarization, 2010-08-04 D: interferometric coherence in HH polarization scaled from 0 (black) to 1 
(white), 2010-08-04 (height of ambiguity = 157 m). 
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In the 2010-09-06 acquisition, the thunder- storm approaches from the lower part of the 
image, while the rest of the image is unaffected. Conversely, the 2010-08-04 acquisition is 
all over affected by a thunderstorm. In both acquisitions the loss of coherence due to 
temporal decorrelation is evident. The storm cell can be even detected in the amplitude 
image Figure 41 A as an area of low backscatter (nearly black) in the upper part of the 
image as in the cell of a thunderstorm backscattering is strongly attenuated.  
In summary, even monostatic single-pass acquisitions with only a short term temporal 
baseline of ~ 3 sec. may be affected by severe temporal decorrelation under unfavorable 
acquisition conditions. This again underlines the benefits of bistatic acquisitions that 
usually are not affected by temporal decorrelation.  
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7 Conclusions, Outlook and Own Contributions 
 
This chapter summarizes and discusses the main results of the thesis (see section 7.1) and 
provides an outlook to future directions of forest monitoring with Pol-InSAR. In this 
context two future SAR missions (BIOMASS and Tandem-L), which will rely on Pol-
InSAR technology are reviewed (see section 7.2). Finally, a summary of the authors’ 
original contributions in this thesis is given (see section 7.3). 
 
7.1 Conclusions 
 
Regular global forest monitoring is today highly demanded by several forest-related 
institutions (like FAO, forest authorities or governments) in order to protect endangered 
forests from illegal logging, to guarantee sustainable forest management and to monitor 
carbon fluxes (see chapter 1). In this context quantitative information on stock volume or 
biomass is usually considered the most important parameter. To evaluate the status of a 
global forest survey, the forest inventories systems of the countries with the largest 
proportion of forest were reviewed. In almost all countries quantitative information on 
forest status is nearly exclusively taken from ground measurements and is associated with 
a high measurement effort. Usually they are updated in a ten-year cycle, while most users 
require an update at least within five years or even faster. Some countries do not have at all 
quantitative information on their forest status. 
Remote sensing (including SAR) is at present mostly used for land cover classification 
meaning, in terms of forests, mainly forest- non-forest-classification. Quantitative forest 
parameters from remote sensing sources on a global scale and on a regular or systematic 
way are currently not available.  
Single channel SAR systems are not able to describe backscattering from such complex 
media such as forests in an unambiguous way. Multi parameter SAR systems capable of 
acquiring multi dimensional data, may essentially contribute to quantitative forest 
monitoring on a global scale. As demonstrated in this work, a single Pol-InSAR acquisition 
may allow to measure forest height.  
Forest height is a useful parameter which contributes to derive other, more relevant forest 
parameters such as stock volume or biomass. But biomass is by far not the only parameter 
users may like to know. Nevertheless, forest height can be also used to detect changes 
induced by logging as well as to detect clearings and/or large area forest destruction by 
natural disasters (see section 1.2 and 5.5.3).  
In this work Pol-InSAR forest height estimation has been demonstrated by means of 
different frequencies: X-band, L-band and P-band for the most important global forest 
types boreal, temperate and tropical.  
A scheme for Pol-InSAR forest height inversion was published for the first time by Cloude 
& Papathanassiou in [41]. This approach was modified and extended to a more robust and 
efficient algorithm (see section 5.3.1), which is today the basis for Pol-InSAR forest height 
inversion.  
A successful Pol-InSAR forest height inversion depends on several factors:  
1.) The baseline expressed by the vertical wavenumber z  (see section 5.3.2 and 
Publication I [196]) 
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2.) The quantification and compensation of system induced decorrelation sources 
(see section 4.3.6 Publication I [196]) 
3.) The presence of temporal decorrelation (see section 4.3.6.3, section 5.4 and 
Publication III [124] and IV [218]). 
A critical factor for a successful Pol-InSAR inversion is the selection of a suitable baseline 
for the prevailing forest heights in a scene. The role of the baseline in Pol-InSAR forest 
height inversion is exhaustively investigated in Publication I [196]. A single z  allows 
accurate inversion only for a limited range of forest heights. For taller forest stands the 
performance is limited by the higher variance induced by the low coherence level, or the 
sensitivity of the interferometric coherence to forest height tends to be saturated. For lower 
forest stands, the performance is limited primarily by the bias induced by the residual non-
volumetric decorrelation contributions. In addition, slopes in range direction modulate the 
effective baseline and need to be included in the estimation of the vertical wavenumber z  
(see Publication I [196] and section 5.3.2).  
Before inversion non-volumetric decorrelation contributions need to be quantified and or 
compensated. In most cases the calibration of non-volumetric decorrelation contributions 
compensates the coherence bias but not the increased variance, in phase and coherence 
amplitude, caused by the lower coherence level. Therefore, a scalar compensation of non – 
volumetric decorrelation sources is limited to small amounts of decorrelation. High levels 
of non – volumetric decorrelation contributions are difficult to be estimated with sufficient 
accuracy and the associated compensation decrease in combination with the increased 
statistical variance Pol-InSAR height inversion performance (see section 4.3.6 Publication 
I [196]).  
The most critical factor for a successful Pol-InSAR inversion is the presence of temporal 
decorrelation. Temporal decorrelation usually increases with time and results in a (severe) 
overestimation of forest height (Publication IV [218]). Of course, the best way to avoid 
temporal decorrelation is the employment of a single pass interferometer as demonstrated 
in Publication V [198] and Publication VI [185]. However, most of the data sets 
presented in the frame of this thesis were acquired with an airborne sensor with temporal 
baselines between 20 and 40 minutes leading to satisfactory results. Suitable short-term 
repeat pass acquisitions i.e. acquisitions with low or no temporal decorrelation are only 
feasible under good weather conditions such as no (or nearly no) wind and no precipitation 
on the ground between the acquisitions. In section 6.2.5 it was demonstrated that severe 
short-term temporal decorrelation may already appear, dependent on the weather 
conditions on the ground, after three seconds. In Publication IV [218] wind induced 
temporal decorrelation is extensively discussed. Short term temporal decorrelation induced 
by wind (or the weather conditions) has a rather stochastic character (see Publication III 
[124]), affects mainly the volume part of the scatterer and can be modeled by a a scalar 
temporal decorrelation contribution.  
Long-term temporal decorrelation affects the volume part as well as the ground part of the 
backscattered signal (see section 4.3.6.3 and Publication IV [218]). This usually induces a 
change in the dielectric properties of the scatterers causing, a shift in the interferometric 
phase making interpretation and compensation (with a limited number of observations) a 
challenge. 
Long wavelengths like at P-band seem to be less affected by temporal decorrelation 
compared to L-band or X-band. In section 5.6.2 a dual baseline approach for the 
compensation of temporal decorrelation effects in a P-band acquisition is suggested 
(results are shown in 5.6.3). The algorithm accounts only for a scalar decorrelation in the 
volume layer. Also, here the increased statistical variance of the coherence phase and 
amplitude is not compensated resulting in a poorer inversion performance. In case of a 
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repeat pass acquisition there is always the possibility (due to the random character of 
temporal decorrelation) that acquisitions become unusable making a systematic acquisition 
planning difficult.  
A main task in this thesis was Pol-InSAR forest height inversion at different frequencies. 
The inversion process as developed for L-band [41] and modified according to Publication 
I [196] (see also section 5.3.1) could be easily transferred to P-band and X-band. At L- and 
P-band data were nearly exclusively acquired by DLR’s E-SAR system [139]. At X-band, 
beside airborne data (DLR’s E-SAR), mainly satellite data from the TanDEM-X sensor 
were used, (see Publication V [198] and Publication VI [185]).  
In the available acquisitions L-band performed quite well for all forest types (from boreal 
to tropical see Publication I [196], Publication II [280], Publication III [124] and 
Publication IV [218] and section 5.5.3). L-band seems to be a universally applicable 
frequency.  
P-band performed quite well over temperate and tropical forest systems (see Publication I 
[196], Publication III [124] and section 5.6). In case of less dense forest conditions as 
found for boreal forests, P-band systematically underestimates forest height and results 
have a higher statistical variance (see results of Remningstorp site in [215] and section 
5.6.3). For this scenario, the assumption of an exponential backscatter function and no 
ground contribution in at least one polarization is violated. In order to account for the 
different backscatter properties of boreal forests, the vertical backscatter function was 
modified to a triangular backscatter function (negative and positive, see section 5.1.2, and 
for the results 5.6.3). If a residual ground contribution is considered as well, a second 
baseline is required in order to invert forest height as suggested in section 5.6.1 (results are 
shown in section 5.6.3). The mentioned modifications correct the bias but do not 
completely correct the increased variance. Even after the corrections mentioned L-band 
gives significant better results than P-band (see Publication IV [218]). However, it should 
be taken into account when interpreting P-band results of Remningstorp site that data were 
acquired in the very beginning of the growing season and seasonal effects like freezing, 
non-freezing or incomplete foliation may have had an impact on the results.  
Compared to L-band, P-band seems to be less affected by temporal decorrelation (see 
Publication IV [218]) and may allow a compensation of temporal decorrelation effects 
even after a larger temporal baselines by means of a dual baseline approach (see section 
5.6.2 and for the obtained results 5.6.3). In this case, temporal decorrelation was modeled 
as a multiplicative scalar contribution on the estimated volume coherence, which is a very 
simple model that allows forest height inversion with only two baselines. Even so, the bias 
induced by temporal decorrelation in the inversion results could be removed but the 
increased statistical variance of the results not.  
X-band is the shortest wavelength discussed in this work. Forest height inversion at X-
band, in particular with TanDEM-X data is exhaustively discussed in Publication V [198]. 
Compared to P-band, X-band has rather the problem to penetrate deep enough into a forest.  
In this work only single- and dual-pol data in HH and VV polarization at X-band have 
been used. Dual-pol data were sufficient to allow Pol-InSAR forest height inversion at X-
band.  
An important indicator at X-band, for the Pol-InSAR inversion feasibility is the 
polarimetric diversity associated with the penetration capability (see section 4.4.2). A high 
polarimetric diversity indicates the presence of polarizations with different ground 
contributions and promises good inversion performance. A low polarimetric diversity 
indicates no or only very small ground contributions making a forest height inversion 
problematic. Penetration at X-band was for all sites unexpectedly high. However, the 
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polarimetric diversity is for some tests sites, for instance for fully foliated temperate or 
tropical forests or after rain, too small.  
The data allowed surprisingly good inversion results for boreal forests and for a winter 
acquisitions of temperate forests (see Publication V [198]). The forest height estimates 
obtained from dual-pol acquisitions over the tropical peat swamp forest site were less 
convincing.  
The availability of quad-pol data may improve forest height inversion performance at X-
band. An additional HV channel would probably increase the polarimetric diversity which 
improves the performance in terms of variance and reduces the number of samples with 
non-valid solutions.  
The standard mode of TanDEM-X is a single-pol mode. Therefore a second forest height 
estimation approach was suggested for the single-pol case based on the availability of an 
external DTM (see section 5.3.1.3). This single-pol inversion revealed for all forest types a 
surprisingly high performance (see Publication V [198]).  
Forests undergo a natural change over the course of the year. Deciduous forests, for 
instance, drop off and grow their leaves once per year. Additionally, precipitation events 
(snow, rain or flooding) and changes of temperature between freezing and non-freezing 
conditions change the dielectric properties of a forest and therefore also its backscattering 
behavior. Those natural changes could also be detected in the X-band Pol-InSAR data. 
Polarimetric diversity and penetration depth seem to be good indicators to detect seasonal 
variations at X-band (see Publication V [198] and section 4.4.2.). Dependent on forest 
type, an acquisition in another season may reveal better height inversion results. This 
allows to conclude that seasonal adapted acquisitions could improve the inversion 
performance and increase probably the number of forest types that can be investigated by 
means of Pol-InSAR techniques at X-band. 
However, changes in the polarimetric diversity (i.e. in the penetration depth) may be used 
as well to monitor seasonal changes (see section 4.4.2.) or even disturbances. But, in order 
to detect forest disturbances, natural changes in backscattering need to be understood 
before. 
Pol-InSAR applications at X-band are limited by dense forest conditions but the limits are 
not yet fully explored. Up to now there is no experience at forest height estimation with X-
band quad-pol data and time series documenting seasonal changes over the course of the 
year are still missing for many forest types.  
Forest changes may also occur due to human activities and environmental disturbances 
such as insect damages, storms or fires. An example for forest change detection by means 
of forest height estimates is given in section 5.5.3.  
Due to the fact that Pol-InSAR forest height estimates at different frequencies always refer 
to the same reference height (i.e. forest top height H100), a long-lasting persistent forest 
monitoring may be established by the use of different sensors (X-, L- and P-band) 
depending on their individual availability and their suitability for Pol-InSAR applications. 
In the light of the current practice in forest mensuration (see section 1.1.3), Pol-InSAR 
forest height estimates may easily compete with ground measurements. The compilation of 
large area wall-to-wall forest height maps is mostly preferable to highly accurate forest 
height estimates in a grid with usually more than 200 m grid spacing. To conclude, using 
an optimized configuration the accuracy of Pol-InSAR forest height estimates is hardly 
worse than the measurement accuracy of ground measurements. 
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7.2 Outlook 
 
This thesis contributes in the interpretation and inversion of quantitative forest parameters 
from Pol-InSAR techniques. However, more important than forest height is for many users 
a measure of the stock volume (see section 1.2). In order to provide an estimate of stock 
volume or biomass, in addition to forest height a further parameter describing forest 
density is required [236] (see also section 2.4). Torano Caicoya et al. suggest in [31], [34] 
and [35] to use vertical forest structure attributes in combination with forest height for 
robust biomass estimation. Hence, the next step towards a quantitative forest stock volume 
or forest biomass estimation is the development of algorithms for the estimation of 
(relevant) vertical forest structure attributes.  
So far, there is no satellite mission which allows a systematic observation of the forested 
areas of the earth with Pol-InSAR data. Although ALOS or ALOS-2 acquires quad-pol 
data at L-band, the temporal baseline is inadequate making temporal decorrelation too high 
for meaningful Pol-InSAR inversions (see section 6.1). TanDEM-X is capable of acquiring 
single-pass Pol-InSAR data at X-band and Pol-InSAR forest height inversion could be 
successfully demonstrated with TanDEM-X Publication V [198]. However, standard 
acquisition mode of TanDEM-X is a single-pol mode (see section 6.2) and at the same time 
X-band performance is limited in denser forest conditions.  
At present, two spaceborne missions are under discussion, designed to acquire 
systematically Pol-InSAR data: BIOMASS and Tandem-L. Both missions are presented in 
the next two sections.  
 
7.2.1 BIOMASS 
The BIOMASS mission is part of ESA’s Earth Explorer Program. Mission objectives are 
to quantify magnitude and spatial distribution of forest biomass globally in order to 
improve, carbon accounting and carbon modeling as well as to monitor and quantify 
changes in terrestrial biomass on an annual basis. BIOMASS is a P-band polarimetric SAR 
operated in an interferometric repeat pass mode [346].  
7.2.1.1 System Characteristics 
The exact mission design of BIOMASS is in many parts still under discussion. Important 
system parameters of BIOMASS are summarized in Table 5 (status June 2015). The 
objectives of the mission require to measure above ground forest biomass at a spatial scale 
of 4 ha [131] with an error not exceeding 20 percent and forest height with an error better 
than 30 percent [292]. Forest biomass maps should be provided on an annual basis. 
Biomass should be estimated either directly from intensity data [345] or from Pol-InSAR 
forest height estimates using allometric equations (see section 2.4, [236] [242] and [37]). 
Deforestation should be detected on a spatial scale of 50 m with a classification accuracy 
of 90 percent. Global coverage should be obtained after six months [131], [294].  
The signal bandwidth is with 6 Mhz quite small but this is the maximum allowed at P-
band. 
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Table 5: BIOMASS System Characteristics according to [131], [294] and [346] as actually planned 
Center 
frequency/ 
wavelength 
Repeat pass 
time 
Acquisition 
modes 
Spatial 
resolution 
(range x 
azimuth – 2 
looks) 
Chirp band 
width 
Coverage 
(Swath 
width) 
Off 
nadir 
angle 
0  
435 MHz/ 
68.7 cm 
(P-band) 
17 days/ 
4 days 
Quad Pol 
(HH + HV + 
VV + VH)  
60 m x 50 m 
6 MHz 
 
80 km 23° - 35° 
 
7.2.1.2 Pros 
BIOMASS is the first remote sensing mission exclusively designed to measure forest 
biomass globally. Forest biomass or stock volume is the most relevant forest parameter for 
the majority of the user groups (see section 1.2). Therefore a remote sensing system 
providing biomass fills a gap in remote sensing and is highly appreciated.  
Biomass estimates of the BIOMASS mission rely on two complementary measurement 
principles: biomass backscatter relationships and height to biomass allometry from Pol-
InSAR height estimates. The combination of both, biomass estimates will probably 
compensate for uncertainties, estimation errors or weaknesses of both estimation 
approaches.  
BIOMASS would be the first P-band sensor in space. The opportunity to view the whole 
planet at P-band may provide an essential scientific contribution in the understanding of P-
band backscattering and may open the way to yet unidentified applications. 
7.2.1.3 Cons 
In terms of Pol-InSAR, the main disadvantage of the BIOMASS mission is probably the 
long repeat pass time. Although, in section 5.6.2 and section 5.6.3 an approach for the 
compensation of a scalar temporal decorrelation term has been introduced, compensation 
of temporal decorrelation remains due to its random behaviour a challenge Publication III 
[124], Publication IV [218], [55], [128]. At the same time the limited Bandwidth 
constrains the realisation of large spatial baselines required to compensate for temporal 
decorrelation.  
The 6 MHz bandwidth limits also the spatial resolution and reduces Pol-InSAR height 
estimation accuracy, due to the limited number of possible looks and thereby associated 
increased variance of the coherence and phase estimates (see section 4.3.5). Coarse 
resolution may also compromise the requirement of spatial homogeneity for coherence 
estimation (see section 4.3.5) 
Both biomass estimation algorithms suffer from several constrains. Backscatter to biomass 
relationships tend to saturate from biomass levels larger than 150 t/ha [345] and require 
extremely high radiometric accuracy. Pol-InSAR forest height estimates suffer from a 
reduced accuracy due to temporal decorrelation effects (see section 5.6.2 and section 5.6.3) 
and an allometric level as required for a precise height to biomass allometry (see section 
2.4 and [236]) is for most forest types unknown.  
Ionospheric effects (Faraday rotation and scintilation) cause distortions of the signal, need 
to be corrected before data inversion and may cause a further decrease in inversion 
performance [294], [168].  
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Finally, Terrestrial Space Objects Tracking Radars (SOTR) which are under US military 
authority, interfere with a P-band SAR (same frequency) and limit coverage of BIOMASS. 
North and Central America as well as Europe cannot be covered by the BIOMASS 
mission. Even if these regions are well covered by terrestrial forest inventories, a global 
biomass survey requires a consistent measurement method, i.e. biomass estimates should 
always be obtained by the same measurement method. 
 
7.2.2 Tandem-L  
Tandem-L is a DLR mission proposal for an L-band SAR that enables the systematic 
monitoring of the dynamic earth processes in the biosphere, hydrosphere cryosphere and 
geosphere. This includes measurements of forest biomass, forest height and vertical forest 
structure based on Pol-InSAR observations.  
Tandem-L means two in a close formation flying satellites with a fully polarimetric SAR 
operated at L-band in a single pass mode. A sketch of the Tandem-L formation is given in 
Figure 42. The satellites are almost identical and are equipped with a reflector antenna.  
7.2.2.1 System Characteristics 
The satellite systems as planned up to now will operate in two acquisition modes. In the 3-
D structure mode Pol-InSAR data are acquired to get structural parameters including forest 
height and vertical forest structure of volume scatterers like vegetation sand and ice [181], 
[193], [251] and [250]. In the deformation mode repeat pass interferometric data are 
acquired in a dual- or single-pol mode mainly for geophysical applications. From a Pol-
InSAR perspective the 3-D structure mode is of primary interest. 
Tandem-L should provide forest height maps and forest structure maps twice per year with 
a spatial resolution of 10 - 50 m. Height and vertical structure should then be used to derive 
biomass maps by means of allometric relationships, with a spatial resolution from 30 m to 
50 m (see section 3.3.5, section 2.4, [31], [34] and [35]).  
Tandem-L may provide global coverage over a period of 16 days in Pol-InSAR mode 
enabled by digital beamforming techniques. In a coarser resolution a global coverage may 
be provided within 4 days at a dual-pol mode. System characteristics of Tandem-L 3D-
structure mode are summarized in Table 6. 
 
 
 
 
 
Table 6: Tandem-L 3D-structure mode System Characteristics according to [183], [249] and [182] as 
actually planned (June 2015) 
Center 
frequency/ 
wavelength 
Repeat pass 
time 
Acquisition 
mode 
Spatial 
resolution 
(range x 
azimuth ) 
Chirp band 
width 
Coverage 
(Swath 
width) 
Off 
nadir 
angle 
0  
1300 MHz/ 
23 cm 
(L-band) 
Single pass 
Quad Pol 
(HH + HV + 
VV + VH)  
3 m x 1 m – 
10 m 85 MHz 
330 km – 680 
km 
23.3° - 
40.5° 
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Figure 42: Tandem-L satellite constellation; image provided by DLR. © [2009] DLR 
 
7.2.2.2 Pros 
In terms of Pol-InSAR applications, the greatest benefit of Tandem-L is its design as a 
single pass system. The absence of temporal decorrelation is an important precondition for 
a systematic acquisition planning and facilitates the interpretation of the interferometric 
coherence. 
A comparison of the results obtained for the different frequencies within the frame of this 
thesis revealed that L-band is most general (see Publication V [198], Publication III 
[124], Publication II [280], Publication I [196] section 5.5 and section 5.6.3). A proper 
i.e. seasonal adapted acquisition planning would ensure no restrictions for L-band for all 
known forest types, from boreal forests to the tropical belt. 
Tandem-L allows a large-scale demonstration of new SAR technologies like digital 
beamforming [180]. Digital beamforming is the key technology to provide wide swath 
coverage, a precondition for a global coverage with Pol-InSAR measurements within 16 
days. A systematic acquisition of wide areas with single pass interferograms will open a 
new era in radar remote sensing and the way to new applications.  
Goal of the mission is to provide level-2 products such as forest height maps, forest 
biomass maps and forest structure maps instead of SAR data products. By creating higher 
level data Tandem-L increases the number of users especially in the field of non-SAR 
specialists.  
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7.2.2.3 Cons 
The large amount of data acquired in order to provide the data products mentioned above 
requires an on-board data compression before data downlink (as the data downlink 
capacity is limited). This data compression introduces an additional system decorrelation 
contribution to the measured interferometric coherence BAQ  [184], Publication VI [185]. 
BAQ  is difficult to estimate making a correction nearly impossible and may decrease Pol-
InSAR forest height inversion performance. 
In order to cover a wide range of forest heights with similar performance, several Pol-
InSAR acquisitions with different baselines are necessary (see Publication I [196] and 
section 5.3.2). Similarly, the estimation of vertical structure attributes requires several 
different baselines [272], [273].  
The flight constellation of the two satellites in form of a Helix (see [184] and Publication 
VI [185]) does not allow fast changes of the baseline making a fast coverage of the earth 
with Pol-InSAR forest height estimates, i.e. reliable forest height estimates over large 
areas, challenge. Additionally, the long time period required to change the baseline 
increases temporal decorrelation between the Pol-InSAR acquisitions required for the 
structure estimates.   
The higher sensitivity of L-band to forest canopy elements – when compared to P-band-
make L-band acquisitions more prone to seasonal and environmental effects (Leaves on – 
off, snow, rain).  
 
7.3 Author’s contributions 
 
The primary objective of this thesis was Pol-InSAR forest height inversion at different 
frequencies i.e. at L-, P-, and X-band and it was intended to demonstrate potential and 
limitations of each frequency. Forest height inversion relies on the Random Volume over 
Ground model, its capability was demonstrated by several Pol-InSAR data sets at X-, L- 
and P-band and several interferometric data sets at X-band acquired from airborne (X-, L-, 
and P-band) and spaceborne (X-band) sensors. The novel contribution of this thesis in the 
context of SAR remote sensing and in particular of Pol-InSAR in the context of forest 
monitoring can be summarized into 10 points:  
 
 The fundamentals of Pol-InSAR forest height inversion were described by Cloude 
and Papathanassiou in [41]. This approach has been revised and complemented in 
order to obtain a robust inversion algorithm (see section 5.3.1 and Publication I 
[196]) which includes the compensation of non-volumetric system induced 
decorrelation sources (see section 4.3.6 and Publication I [196]) and the 
integration of terrain slope in the inversion process (see section 5.3.2 and 
Publication I [196]).  
 
 The vertical wavenumber z  has been identified as a critical parameter affecting 
Pol-InSAR forest height inversion performance. The role of z  in the forest height 
inversion process has been investigated by means of a Monte Carlo simulation. z  
fields of high performance have been identified for all possible forest heights. At 
least two acquisitions with different baselines are required to cover the prevailing 
forest heights on the ground with similar performance (see section 5.3.2 and 
Publication I [196]). 
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 The behaviour of temporal decorrelation for different temporal baselines, under 
different weather conditions and at different frequencies has been investigated (see 
section 5.4, section 6.1.3 and section 6.2.5, Publication III [124], Publication IV 
[218] and Publication VI [185]). The impact of temporal decorrelation on Pol-
InSAR forest height inversion has been estimated quantitatively. Temporal 
decorrelation has been quantified and could be divided into a volume dependent 
part TV  and a ground dependent part TG  (see section 5.4 and Publication IV 
[218]).  
 
 Pol-InSAR forest height inversion has been successfully demonstrated at L-band 
over boreal forests (see Publication II [280] and Publication I [196]), temperate 
forests (see section 5.5.3, Publication III [124] and Publication IV [218]) and 
tropical forests (see Publication III [124]) and at P-band over boreal (see section 
5.6.3) and tropical forests (see Publication I [196] and Publication III [124]).  
 
 At X-band a simplified inversion approach for single-pol data has been developed. 
For that either the extinction was assumed as constant i.e. fixed at a certain value 
(see Eq. 5.18 in section 5.3.1.3, Publication II [280] and Publication V [198]), or 
an external Digital Terrain Model (DTM) was used to get an estimate of the ground 
phase (see Eq. 5.19 in section 5.3.1.3 and Publication V [198]). 
 
 Pol-InSAR forest height estimation has been demonstrated for the first time with X-
band dual-pol data and with X-band single-pol data in combination with an external 
DTM from a spaceborne system (TanDEM-X) over a boreal, a temperate and a 
tropical forest test site (see Publication V [198]). 
 
 Seasonal differences in the backscattering behaviour of the forest at Interferometric 
(InSAR) and Polarimetric Interferometric (Pol-InSAR) data at X-band has been 
described for the first time by means of TanDEM-X data. Differences are caused by 
the falling of the leafs and the foliation as well as by the frozen or non-frozen stage 
of tree compartments and were also found between wet and dry season in a tropical 
peat swamp forest. An indicator for seasonal differences could be the polarimetric 
difference and the penetration depth (see section 4.4.2 and Publication V [198]). 
The polarimetric difference at X-band was found a useful parameter for the 
characterization of volume scatterer with Pol-InSAR data (see section 4.4.2, 
Publication V [198] and Publication VI [185]).  
 
 The use of Pol-InSAR forest heights for forest change detection could be 
demonstrated for the first time. Therefore, two L-band forest height maps over a 
temperate forest test site (Traunstein site) have been compared. Both acquisitions 
cover a five year period (see section 5.5.3). 
 
 The analysis of P-band data over boreal forest revealed that here the model of an 
exponential vertical backscatter function reached its limits. In order to overcome 
these limits modifications of the vertical backscatter function have been proposed 
(see section 5.1.2) and a dual-baseline inversion approach has been introduced 
which resolves also a residual ground contribution in the backscattered signal (see 
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section 5.6.1). Dual baseline forest height estimation at P-band over a boreal test 
site has been demonstrated (see section 5.6.3).  
 
 A dual-baseline approach for the compensation of a scalar temporal decorrelation 
contribution has been proposed (see section 5.6.2). Dual-baseline forest height 
estimation has been demonstrated by means of a P-band repeat pass data set with a 
one-month temporal baseline acquired over a boreal forest test site (Remningstorp 
site, see section 5.6.3).  
 
 
 
Looking at the results obtained in this thesis, it can be concluded that Pol-InSAR forest 
height estimation seems to be a mature technology, which can be operationally used and 
may essentially contribute to a quantitative forest monitoring. The parameter forest height 
contributes in many ways to the information demands of different user groups. In order to 
evaluate the value of the parameter forest height, state of the art in forest inventories have 
been reviewed (see section 1.1) and user requirements from different user groups have 
been summarized (see section 1.2) including the relevance of the parameter forest height 
for forest monitoring (see section 2). An overview of other remote sensing systems and 
methodologies contributing to the topic forest monitoring, which may supplement or 
substitute forest height estimates have been summarized as well (see section 3). 
Of course, an operational use of Pol-InSAR for forest height estimation requires a satellite-
borne sensor providing Pol-InSAR data. Suitable satellite SAR systems, i.e. SAR systems 
providing Pol-InSAR data, which are currently in operation (ALOS/ALOS-2 and 
TanDEM-X), have been evaluated according to their suitability for Pol-InSAR forest 
height inversion (see section 6). Equally, two planned satellite missions which are 
developed to acquire Pol-InSAR data (BIOMASS and Tandem-L) are described and their 
benefits and drawbacks have been lined out (see section 7.2).  
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8 Reviewed papers and author’s contribution 
 
In this chapter all publications relevant for this thesis are listed in a logical order (not 
chronologically) and the contributions of the author to each publication are lined out. 
 
8.1 Publication I 
 
Title: “Forest Height Estimation by means of Pol-InSAR Data 
Inversion: The Role of the Vertical Wavenumber” 
 
Authors:  Florian Kugler (florian.kugler@dlr.de)a 
   Seung-Kuk Lee (seungkuk.lee@nasa.gov)b 
   Irena Hajnsek (hajnsek@ifu.baug.ethz.ch)c 
Konstantinos P. Papathanassiou (kostas.papathanassiou@dlr.de)a 
 
Affiliation: a Radar Concepts Department, Microwaves and Radar Institute, 
German Aerospace Center (DLR-HR), DLR-HR, Münchener Straße 
20, 82234 Wessling, Germany 
  
 b Science and Exploration Directorate, Goddard Space Flight Center 
at NASA (NASA/GSFC), 8800 Greenbelt Road - Code 130 
Greenbelt, MD 20771 
  
 c Institut für Umweltingenieurwissenschaften, ETH Zürich, 
Schafmattstr. 6, 8093 Zürich, Switzerland 
 
Publication:  IEEE Transactions on Geoscience and Remote Sensing, Volume 53, 
Issue: 10, Pages 5294 - 5311  
 
DOI:  10.1109/TGRS.2015.2420996 
 
Publication Year: 2015 
 
Cited:  2 (5) times (August 2016) 
 
Impact Factor: 3.47 
 
Abstract: 
This paper examines the multifaceted effect of the effective spatial baseline, as expressed 
through the vertical (interferometric) wavenumber, on the inversion of forest height from 
Polarimetric Interferometric SAR (Pol-InSAR) data. First the role of the vertical 
wavenumber in relating forest height to the interferometric (volume) coherence is 
introduced. Through the review of the forest height inversion from Pol-InSAR data the 
effect of the vertical wavenumber on the inversion performance is evaluated. The selection 
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of optimum - with respect to forest height inversion performance - vertical wavenumbers is 
discussed. The impact of the acquisition geometry and terrain slopes on the vertical 
wavenumber and their consideration in the inversion methodology is addressed. The 
individual effects discussed are demonstrated by means of airborne repeat pass Pol-InSAR 
acquisitions in L- and P-band acquired over different forest conditions including a boreal, a 
temperate and a tropical forest test site. The achieved forest height inversion performance 
is validated against reference height data derived from airborne LIDAR acquisitions. 
 
Contribution: 
This publication has been done mainly by the author. Most of the ideas presented in this 
article have been developed by the author. However, co-authors contributed with data 
processing issues and to the wording of some text parts. Most of the writing was done by 
the author. Seung-Kuk Lee processed and validated the L-band data of Krycklan site, did 
the comparison of the different DEM’s for terrain correction, gave the idea for the 
validation of the DEM comparison and processed the P-band data of Sungai Wain site. The 
author prepared the LIDAR reference data for Sungai Wain scene and Kobernausser Wald 
scene, processed Kobernausser Wald scene and did the validation of both test sites. Kostas 
Papathanassiou gave the idea for the comparison of the different DEM’s for terrain 
correction, did most of the writing for the theoretical background in section II, supervised 
data evaluation and writing of this paper and revised the paper. Irena Hajnsek organized 
and coordinated SAR data acquisitions and revised the paper. The ideas for the 
modifications in the inversion algorithm, for the analysis of the role of the vertical 
wavenumber in the inversion process and for the analysis of the impact of terrain slope on 
forest height inversion have been developed by the author. The original idea of the paper 
was proposed by the author. 
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8.2 Publication II 
 
Title: “Height Estimation of Boreal Forest: Interferometric Model-
Based Inversion at L- and X-Band versus HUTSCAT Profiling 
Scatterometer” 
 
Authors:  Jaan Praks (jaan.praks@aalto.fi)c 
   Florian Kugler (florian.kugler@dlr.de)a 
   Konstantinos P. Papathanassiou (kostas.papathanassiou@dlr.de)a 
   Irena Hajnsek (irena.hajnsek@dlr.de)b 
   Martti T. Hallikainen (martti.hallikainen@aalto.fi)c 
 
Affiliation: aRadar Concepts Department, Microwaves and Radar Institute, 
German Aerospace Center (DLR-HR), DLR-HR, Münchener Straße 
20, 82234 Wessling, Germany 
 
bInstitut für Umweltingenieurwissenschaften, ETH Zürich, 
Schafmattstr. 6, 8093 Zürich, Switzerland 
 
 cDepartment of Radio Science and Engineering, Aalto University, 
Finland, Otakaari 5A, Espoo, FI-00076 AALTO, Finland 
 
Publication:  IEEE Geoscience and Remote Sensing Letters, Volume: 4, Issue: 3, 
Pages: 466 - 470  
 
DOI: 10.1109/LGRS.2007.898083 
 
Publication Year: 2007 
 
Cited:  21 (39) times (August 2016) 
 
Impact Factor: 1.82 
 
Abstract: 
In this letter, we present results from the FinSAR project, where the E-SAR and Helsinki 
University of Technology Scatterometer (HUTSCAT) instruments were operated together 
in order to validate tree-height retrieval algorithms for boreal forest. The campaign was 
carried out in Finland in fall 2003. The main instruments of the campaign were the E-SAR 
airborne radar (operating at L- and X-band) and the HUTSCAT helicopter-borne profiling 
scatterometer (operating at X- and C-band).We compare and discuss forest height obtained 
from the inversion quad-pol polarimetric interferometric synthetic aperture radar (SAR) 
datasets at L-band and forest height obtained from the inversion of single-pol X-band in 
SAR data with forest height estimates from HUTSCAT scatterometer data. Our results 
show that the forest height values, which are estimated by means of two different radar 
instruments, are in good agreement. The correlation between HUTSCAT and E-SAR 
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height estimates (R² = 0.77 at L-band and R² = 0.75 at X-band) underlines the good 
agreement between the results obtained by the two approaches. 
 
Contribution: 
This work was done by the author in collaboration with Jaan Praks. The author provided 
Pol-InSAR forest height inversion at L- and X-band and developed the corresponding 
inversion algorithms. Jaan Praks analyzed ground measurements and HUTSCAT 
measurements, extracted tree height estimates from HUTSCAT measurements and made 
the comparison between HUTSCAT and Pol-InSAR forest height estimates. Kostas 
Papathanassiou gave the idea for the L- and X-band inversion algorithms and revised the 
paper. Irena Hajnsek organized and coordinated SAR data acquisitions and revised the 
paper. Martti Hallikainen developed the HUTSCAT sensor and revised the paper. The 
original idea of the paper was proposed by Jaan Praks. 
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8.3 Publication III 
 
Title: “Tropical-Forest-Parameter Estimation by Means of Pol-InSAR: 
The INDREX II Campaign” 
 
Authors:  Irena Hajnsek (irena.hajnsek@dlr.de)b 
   Florian Kugler (florian.kugler@dlr.de)a 
   Seung-Kuk Lee (seungkuk.lee@nasa.gov)c 
   Konstantinos P. Papathanassiou (kostas.papathanassiou@dlr.de)a 
 
Affiliation: aRadar Concepts Department, Microwaves and Radar Institute, 
German Aerospace Center (DLR-HR), DLR-HR, Münchener Straße 
20, 82234 Wessling, Germany 
 
 bScience and Exploration Directorate, Goddard Space Flight Center 
at NASA (NASA/GSFC), 8800 Greenbelt Road - Code 130 
Greenbelt, MD 20771 
 
 cInstitut für Umweltingenieurwissenschaften, ETH Zürich, 
Schafmattstr. 6, 8093 Zürich, Switzerland 
 
Publication:  IEEE Transactions on Geoscience and Remote Sensing, Volume: 47, 
Issue: 2, Pages: 481 - 493  
 
DOI:  10.1109/TGRS.2008.2009437 
 
Publication Year: 2009 
 
Cited:  64 (109) times (June 2015) 
 
Impact Factor: 3.47 
 
Abstract: 
This paper addresses the potential and limitations of polarimetric synthetic aperture radar 
(SAR) interferometry (Pol-InSAR) inversion techniques for quantitative forest-parameter 
estimation in tropical forests by making use of the unique data set acquired in the frame of 
the second Indonesian Airborne Radar Experiment (INDREX-II) campaign – including 
Pol-InSAR, light detection and ranging (LIDAR), and ground measurements – over typical 
Southeast Asia forest formations. The performance of Pol-InSAR inversion is not only 
assessed primarily at L- and P-band but also at higher frequencies, namely, X-band. 
Critical performance parameters such as the “visibility of the ground” at L- and P-band as 
well as temporal decorrelation in short–time repeat-pass interferometry are discussed and 
quantitatively assessed. Inversion performance is validated against LIDAR and ground 
measurements over different test sites. 
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Contribution: 
The work was done by the author in cooperation with Seung-Kuk Lee and Kostas 
Papathanassiou. This work was part of the INDREX II campaign with the aim to apply 
Pol-InSAR forest height inversion to tropical forest data at L- and P-band. Irena Hajnsek 
organized the INDREX II campaign, coordinated SAR data acquisitions and ground 
measurements and thus laid the foundation for this article as well as revised it. Pol-InSAR 
forest height inversion was first proposed by Papathanassiou and Cloude in [269] and [41]. 
The author organized and participated in the ground measurement campaign, analyzed the 
ground data, organized and analyzed the LIDAR reference data, developed the forest 
height inversion procedure, estimated forest heights at different frequencies (L-band, P-
band and X-band), developed the validation concept, validated Pol-InSAR forest height 
estimates with LIDAR reference measurements, estimated temporal decorrelation and gave 
the idea to use the length of the coherence region as an indicator for the visibility of the 
ground. Seung-Kuk Lee estimated the polarimetric alfa angle and the length of the 
coherence region and made their comparison with terrain slope. Kostas Papathanassiou 
gave the idea for forest height estimation at L-, P- and X-band and for the estimation of 
temporal decorrelation, did large parts of the writing, supervised data evaluation and the 
writing of this paper and revised it.  
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Remote Sensing, Volume: 6, Issue: 3, Pages: 1351 - 1367  
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Publication Year: 2013 
 
Cited:  15 (21) times (August 2016) 
 
Impact Factor: 2.87 
 
Abstract: 
Temporal decorrelation is the most critical issue for the successful inversion of 
polarimetric SAR interferometry (Pol-InSAR) data acquired in an interferometric repeat-
pass mode, typical for satellite or lower frequency airborne SAR systems. This paper 
provides a quantitative estimation of temporal decorrelation effects at L-band for a wide 
range of temporal baselines based on a unique set of multibaseline Pol-InSAR data. A new 
methodology that allows to quantify individual temporal decorrelation components has 
been developed and applied. Temporal decorrelation coefficients are estimated for 
temporal baselines ranging from 10 min to 54 days and converted to height inversion errors 
caused by them. The temporal decorrelations of TV  (volume temporal decorrelation) and 
TG  (ground temporal decorrelation) depend not only on the wind-induced movement but 
also strongly on the rain-induced dielectric changes in volume and on the ground at 
temporal baseline on the order of day or longer. At temporal baselines on the order of 
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minutes, the wind speed is a critical parameter and the speed of 2 m/s already hampers the 
application of Pol-InSAR forest parameter inversion. The approach is supported and 
validated by using L-band E-SAR repeat-pass data acquired in the frame of three dedicated 
campaigns, BioSAR 2007, TempoSAR 2008, and TempoSAR 2009. 
 
Contribution: 
The main work for this article was done by the first author, Seung-Kuk Lee. He was also 
the one who has developed the main ideas. The author of this thesis contributed to the used 
Pol-InSAR forest height estimation algorithm, contributed ideas for the development of an 
algorithm for the estimation of different temporal decorrelation contributions, discussed 
obtained results with the first author, Seung-Kuk Lee and revised the paper. Kostas 
Papathanassiou had the idea for the estimation of different temporal decorrelation 
contribution, supervised data evaluation and writing of this paper and revised it. Irena 
Hajnsek organized and coordinated SAR data acquisitions and revised the paper. The 
original idea of the paper was proposed by Seung-Kuk Lee. 
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Abstract: 
TanDEM-X and TerraSAR-X platforms form together the first spaceborne single-pass 
polarimetric interferometer in space. This allows, for the first time, the acquisition of 
spaceborne polarimetric synthetic aperture radar interferometry (Pol-InSAR) data without 
the disturbing effect of temporal decorrelation. This paper aims to assess the potential of 
such data for forest applications. For this, single- and dual-pol data acquired over a boreal, 
a temperate, and a tropical site were investigated to characterize X-band penetration and 
polarization diversity of the interferometric coherence measurements. Pol-InSAR forest 
height inversion schemes have been proposed and implemented for the single- and dual-pol 
cases and cross validated against LIDAR reference measurements for all sites. The single-
pol inversion relies on an external ground digital terrain model (DTM) and performed well 
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for all sites with correlation coefficients r² between 0.80 and 0.98. The dual-pol inversion 
does not require an external DTM but depends on the visibility of the whole forest layer. 
Accordingly, its performance varied with forest structure and season: The best 
performance was achieved for the summer acquisition of the boreal test site (r² = 0.86) and 
for the winter acquisition of the temperate test site (r² = 0.77). For the tropical test site, 
only a weak correlation (r² = ~0.50) could be established. 
 
Contribution: 
The ideas presented in this article were developed by the author. Calculations, data 
processing and writing were done nearly exclusively by the author. However, co-authors 
contributed to the paper with their calculations and with the wording of some text parts. 
Daniel Schulze provided the graphs for the development of the vertical wavenumber 
during the TanDEM-X mission as a function of time and as a function of argument of 
latitude. Kostas Papathanassiou did large parts of the writing for the theoretical 
background, supervised data evaluation and the writing of this paper and revised it. Irena 
Hajnsek organized the TanDEM-X SAR data acquisitions and revised the paper. Hans 
Pretzsch supervised the writing, provided ground truth data and revised the article. The 
original idea of the paper was proposed by the author. 
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Impact Factor: 0.70 
 
Abstract: 
TanDEM-X (TerraSAR-X add-on for Digital Elevation Measurements) is an innovative 
formation-flying radar mission that opens a new era in spaceborne radar remote sensing. 
The primary objective is the acquisition of a global digital elevation model (DEM) with 
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unprecedented accuracy (12 m horizontal resolution and 2 m relative height accuracy). 
This goal is achieved by extending the TerraSAR-X synthetic aperture radar (SAR) 
mission by a second, TerraSAR-X like satellite (TDX) flying in close formation with 
TerraSAR-X (TSX). Both satellites form together a large single-pass SAR interferometer 
with the opportunity for flexible baseline selection. This enables the acquisition of highly 
accurate across-track interferograms without the inherent accuracy limitations imposed by 
repeat-pass interferometry due to temporal decorrelation and atmospheric disturbances. 
Besides the primary goal of the mission, several secondary mission objectives based on 
along-track interferometry as well as new bistatic and multistatic SAR techniques have 
been defined, representing an important and innovative asset of the TanDEM-X mission. 
TanDEM-X is implemented in the framework of a public–private partnership between the 
German Aerospace Center (DLR) and EADS Astrium GmbH. The TanDEM-X satellite 
was successfully launched in June 2010 and the mission started its operational data 
acquisition in December 2010. This paper provides an overview of the TanDEM-X 
mission and summarizes its actual status and performance. Furthermore, results from 
several scientific radar experiments are presented that show the great potential of future 
formation-flying interferometric SAR missions to serve novel remote sensing applications. 
 
Contribution: 
This article was mainly written by Gerhard Krieger. It gives an overview of the TanDEM-
X mission and summarizes the work and experimental results of many people from the 
DLR-HR TanDEM-X team. The author of this thesis calculated the coherence images at 
page 86, the forest height maps at page 95 and the polarimetric diversity of the agricultural 
areas on page 96. 
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Forest Height Estimation by Means of Pol-InSAR
Data Inversion: The Role of the
Vertical Wavenumber
Florian Kugler, Seung-Kuk Lee, Irena Hajnsek, Fellow, IEEE, and Konstantinos P. Papathanassiou, Fellow, IEEE
Abstract—This paper examines the multifaceted effect of the
effective spatial baseline, as expressed through the vertical (inter-
ferometric) wavenumber, on the inversion of forest height from po-
larimetric interferometric synthetic aperture radar (Pol-InSAR)
data. First, the role of the vertical wavenumber in relating forest
height to the interferometric (volume) coherence is introduced.
Through the review of the forest height inversion from Pol-In-
SAR data, the effect of the vertical wavenumber on the inversion
performance is evaluated. The selection of optimum with respect
to forest height inversion performance, vertical wavenumbers is
discussed. The impact of the acquisition geometry and terrain
slopes on the vertical wavenumber and their consideration in
the inversion methodology is addressed. The individual effects
discussed are demonstrated by means of airborne repeat pass
Pol-InSAR acquisitions in L- and P-band acquired over different
forest conditions, including a boreal, a temperate, and a tropical
forest test site. The achieved forest height inversion performance
is validated against reference height data derived from airborne
LIDAR acquisitions.
Index Terms—Forest height, L-band, P-band, polarimetric
synthetic aperture radar interferometry (Pol-InSAR), spatial
baseline, terrain slope.
I. INTRODUCTION
FOREST height is one of the most important parameters forstand characterization along with basal area, stock volume,
and species composition. It provides information on stand
condition, site index, and allows characterizing the successional
state of the forest and thus can be used to describe forest
dynamics. Forest height is an indicator for the site dependent
timber production potential of a stand is closely related to
forest biomass, and can be used to constrain model estimates of
above-ground biomass and associated carbon flux components
between the vegetation and the atmosphere. The distribution
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of forest heights within a stand may be used to assess the
disturbance regime. High spatial and temporal resolution forest
height maps can be used to detect logging activities [1]–[10].
When it comes to characterizing dynamic forest processes,
knowledge of forest height change is even more important than
forest height itself. Forest height changes can be directly used to
characterize forest growth, mortality, and deforestation and to
conclude about the associated carbon fluxes widely independent
from the successional status of the forest [1], [2], [9], [11].
For most of the mentioned applications, an estimation ac-
curacy on the order of 5%–10% appears sufficient [1], [11],
[12]. Typical estimation accuracy of forest height at inventory
measurements on stand level is on the order of 7%–10%, how-
ever increasing with forest height and density [1], [2], [13]. In
terms of remote sensing techniques, air, and spaceborne LIDAR
configurations have been established as reference (with regard
to vertical and spatial resolution and measurement accuracy)
for measuring forest height on a local and regional scale. The
appropriate estimation methodologies have been developed and
validated through a variety of experiments [14]–[25].
In the last years, a new approach based on polarimetric
interferometric synthetic aperture radar (Pol-InSAR) measure-
ments has been established for forest height mapping. Indeed,
model-based forest height estimation from air and spaceborne
Pol-InSAR data has been demonstrated and validated at dif-
ferent frequencies (from X-down to P-band) for a variety of
temperate, boreal, and tropical sites, characterized by different
stand and terrain conditions [26]–[37].
Pol-InSAR inversion performance has been first addressed
in [49], with more detail in [43] and [82], regarding different
components of the inversion process and in [38] by means
of Cramer–Rao lower bound analysis. This paper discusses
the critical effect of the spatial baseline, expressed through
the vertical wavenumber, on the performance of forest height
estimation by means of a model-based inversion of Pol-InSAR
data in a comprehensive way. In Sections II and III, the inver-
sion methodology is reviewed, whereas nonvolumetric decor-
relation contributions are quantified and their compensation is
discussed. In Section IV, the essential role that the selection
of the spatial baseline plays on the inversion performance is
analyzed. Section VI addresses the variation of the vertical
wavenumber induced by the imaging geometry and the topo-
graphic variation within a scene and how this can be accounted
for toward an accurate forest height estimation. In Section VII,
the previously described effects are discussed by means of
0196-2892 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Interferometric acquisition geometry, airborne scenario with strong
change of incidence angle from near range (NR) to far range (FR). BH is the
horizontal baseline, H is the flight height, θ0 the radar look angle, and Δθ the
difference in the radar look angle induced by the baseline.
forest height inversion from airborne Pol-InSAR data at L- and
P-band and validated against airborne LIDAR data. Finally, the
conclusions are drawn in Section VIII.
II. POL-INSAR COHERENCE AND FOREST HEIGHT
Let s1(w) and s2(w) be two images acquired with a given
spatial and temporal baseline (see geometry in Fig. 1) at a given
polarization indicated by the unit vector w and assuming the
same polarization for both images w1 = w2 = w [38]–[40], the
(complex) interferometric coherence γ˜Obs(w) is given by
γ˜Obs(w) :=
〈s1(w) · s∗2(w)〉√〈s1(w) · s∗1(w)〉 〈s2(w) · s∗2(w)〉 (1)
including both the interferometric coherence (or correla-
tion coefficient) |γ˜Obs(w)| and the interferometric phase
arg(γ˜Obs(w)) where 〈 〉 denotes the expected value. Using
polar coordinates γ˜Obs(w) is represented by a point on the
complex plane within the unit circle. Equation (1) indicates that
the interferometric coherence depends on the polarization of the
two images s1(w) and s2(w) used to form the interferogram.
The set of interferometric coherences γ˜Obs(w) obtained for
all the possible polarizations w plotted on the complex plane
defines the so-called coherence region [41]–[43].
A. InSAR Coherence Interpretation
γ˜Obs(w) comprises several decorrelation processes [44],
[45], [49], [50] and can therefore be rewritten as
γ˜Obs(w) = γ˜Sys(w)γ˜Tmp(w)γ˜Scat(w). (2)
Starting from the right side of (2), γ˜Scat reflects the phase
stability of the scatterer under the different incidence angles
induced by the interferometric baseline. The fact that the two in-
terferometric acquisitions are acquired with (slightly) different
look angles make the projection of the 3-D complex reflectivity
of the scene (described in the x, y, z coordinate system) into the
2-D SAR image (described in the range, azimuth coordinate
system) to be different for the two images s1(w) and s2(w).
As a result, this introduces a decorrelation when forming the
interferogram [44], [45]. In (2), γ˜Scat can be further decom-
posed into
γ˜Scat(w) = γAzγRgγ˜Vol(w). (3)
The range γRg and azimuth γAz spectral decorrelation
contributions are introduced by the slightly different projec-
tion of the horizontal component of the scatterer reflectiv-
ity into the slant-range and Doppler-zero (azimuth) direction,
respectively [45].
The volume decorrelation contribution γ˜Vol(w) appears
when different scattering processes occur at different heights
within the resolution cell. In this case, the vertical component of
the scatterer reflectivity projects differently into the two images
and causes a loss of coherence when forming the interferogram
[38], [43], [46]. Accordingly, γ˜Vol(w) is related to the vertical
structure of the individual scatterers. This relation will be
further explored in Section II-B.
The temporal decorrelation contribution γ˜Tmp is introduced
by geometric and/or dielectric changes of the scatterers within
the scene in the time between the two acquisitions. It is the
most critical decorrelation contribution when it comes to in-
terferometric acquisitions with nonzero temporal baseline; a
detailed discussion on effects, modeling, and compensation
of temporal decorrelation can be found in [29], [34], [47]
and [48]. Note that, in the most general case when different
vertical scattering structures are “seen” by the two acquisitions,
a simple factorization of γ˜Tmp and γ˜Vol(w), as indicated in (2),
is no longer possible.
Finally, γ˜Sys(w) comprises a wide range of decorrelation
effects induced by the nonideal SAR system and processing
implementations including contributions induced by additive
noise, range and azimuth ambiguities, quantization, and other
effects.
B. Modeling of Volume Decorrelation
As already mentioned, the volume decorrelation contribu-
tion γ˜Vol(w) is directly related to the vertical distribution of
(effective) scatterers F (z) (where z is the vertical position)
by a normalized Fourier transformation relationship [26], [38],
[43], [81]
γ˜Vol(w, κz) =
z0+hV∫
z0
F (z) exp(iκzz)dz
z0+hV∫
z0
F (z)dz
(4)
where hV is the total extent of F (z), which corresponds in the
case of a volume scatterer to the height of the volume. The
reference height z0 corresponds to the lower boundary of
the volume. κz is the vertical (interferometric) wavenumber
[50], [80]
κz = m
2π
λ
Δθ
sin θ0
≈ m2π
λ
B⊥
R sin θ0
(5)
where θ0 is the nominal incidence angle, λ the wavelength,
Δθ the change of the incidence angle induced by the spatial
baseline, B⊥ the perpendicular component of the spatial base-
line, and R the slant range distance. The factor m accounts for
the acquisition mode: m = 2 for monostatic acquisitions and
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m = 1 for bistatic acquisitions. In conventional interferometric
applications, κz expresses the sensitivity of the interferometric
phase to (terrain) height variations [50]. In the context of (4),
κz maps F (z) to γ˜Vol(w) determining the sensitivity of the
interferometer to a given F (z) and particularly to a given hV .
Equation (4) allows the estimation of F (z) (and associated
structure parameters) from measurements of γVol(w, κz). One
way to do so is to parameterize F (z) into a set of geomet-
rical parameters and scattering parameters and to use then
γVol(w, κz) measurements to estimate these parameters by
inverting (4) [51], [52]. In general, for a robust inversion the
number of parameters used to parameterize F (z) has to be bal-
anced by the number of available γVol(w, κz) measurements.
For vegetation applications two-layer statistical models have
been proven to be sufficient (in terms of robustness and perfor-
mance) particularly at lower frequencies [26], [27], [38], [43].
Accordingly, F (z) comprises vegetation and ground scattering
contributions. For monostatic acquisitions direct surface, as
well as dihedral (i.e., vegetation-surface or surface-vegetation),
scattering contributions are both represented by a single iso-
lated Dirac-like component mG(w)δ(z − z0) and do not need
to be distinguished
F (z, w) = fV (z, w) +mG(w)δ(z − z0) (6)
where mG is the ground scattering amplitude. Substituting (6)
into (4) leads to
γ˜Vol(w, κz) = e
iφ0
γ˜V 0(κz) +m(w)
1 +m(w)
(7)
where φ0 = κzz0 is the phase related to the ground topography
γ˜V 0(κz, w) =
hV∫
0
fV (z, w) exp(iκzz)dz
hV∫
0
fV (z, w)dz
(8)
is the volume only coherence and m(w) = mG(w)/
∫ hV
o
fV (z, w)dz is the effective ground-to-volume amplitude ratio.
Note that for bistatic acquisitions the dihedral scattering
component cannot be longer represented by a single Dirac-like
scattering contribution [59] and contributes to the interferomet-
ric coherence with a (spatial) baseline dependent component
[78], [79]. In order to avoid any confusion, and without loss of
generality, a monostatic acquisition geometry is assumed in the
following.
For the (vertical) distribution of scatterers in the vegetation
layer fV (z, w) different models have been proposed. A very
successful and widely used model is an exponential distribution
of scatterers [26], [38], [43], [46]
fV (z) = exp [2σ(w)z/ cos(θ0)] (9)
where σ(w) is a mean extinction value for the vegetation layer
that defines the “attenuation rate” of the profile and is usually
expressed in [dB/m]. According to (7), the location of the
interferometric phase center depends in this case on m(w) and
σ(w). The special case of σ = 0 dB/m represents a uniform
distribution of the scatterer and leads to the characteristic sinc-
decorrelation function
γ˜V 0(σ=0)=exp(iκzz0) exp
(
i
κzhV
2
)
sinc
(
κzhV
2
)
(10)
where sinc(x) := sin(x)/x. According to (10), the coherence,
at a given baseline, depends only on the volume height hV ,
whereas the phase center is located at the middle of the volume
height.
Aside from the exponential profile that appears to fit better
higher frequencies, Gaussian [53], [54], or even linear scatter-
ing distributions have been proposed and used particularly at
lower frequencies [55].
The solution space of (7) for the exponential distribution of
scatterers (9) m(−→w ) = 0 is represented on the unit circle is
indicated by the red dots in Fig. 2(a) and (b). The light blue
dots in Fig. 2(a) represent the loci obtained for a constant height
hV = 10 m with varying σ, the green dots the loci obtained
for a constant height hV = 20 m with varying σ and the
orange dots the loci obtained for a constant height hV = 30 m
with varying σ. The light blue dots in Fig. 2(b) represent the
loci obtained for a constant extinction σ = 0.05 dB/m with
varying hV , the green dots the loci obtained for a constant
extinction σ = 0.2 dB/m with varying hV .and the orange dots
the loci obtained for a constant extinction σ = 0.50 dB/m with
varying hV .
Equally important as the shape of the vertical distribution of
scatterers F (z, w) is its polarimetric characterization.
While the ground scattering component is strongly polarized
mG = mG(w), the volume scattering component can be both:
polarization dependent, i.e., fV (z) = fV (z, w), or independent
of polarization, fV (z). In the first case the volume is called
oriented volume [56], [57]; in the second the volume is referred
to as random volume (RV) [58], [59]. The analysis of a large
number of experimental data indicates that across a wide range
of frequencies (from X-down to P-band) the RV assumption is
valid for several different forest conditions [26], [29].
Assuming a RV, (7) is known as the random volume over
ground (RVoG) model. In this case, (7) can be rewritten as [27]
γ˜Vol(w) = e
iϕ0
(
γ˜V 0 +
γ˜V 0 +m(w)
1 +m(w)
(1− γ˜V 0)
)
. (11)
Equation (11) indicates that as long as γ˜V 0 is independent
of polarization, the RVoG coherence region is a segment of a
straight line [26]. This simple geometrical representation has
been exploited for the validation and inversion of the RVoG
model and will be further discussed in the following section.
C. Role of the Vertical Wavenumber
As already mentioned, the vertical wavenumber κz scales the
interferometric phase and coherence to forest height hV . For the
RVoG case, this is given by using (9) in (8) and using (8) in (7).
Fig. 3 shows in the left column the absolute value of the volume
coherence |γ˜V 0| as a function of the vertical wavenumber κz
for five different forest heights (10, 20, 30, 40, and 50 m) and
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Fig. 2. RVoG solution space for different hV (up to 50 m) and σ (0 dB/m
to 2 dB/m) values for a κZ of 0.13 rad/m and θ = 30◦ as given by (7);
red dots: γ˜V 0(hV , σ|κZ ,m = 0). (a) Dark blue dots indicate solution space
for σ = 0 dB/m and a ground to volume ratio m ranging from 0 to 10:
γ˜V 0(hV ,m|κZ , σ = 0 dB/m), the light blue dots indicate a constant height
of 10 m: γ˜V 0(σ|hV = 10 m, κZ ,m = 0) and γ˜V 0(m|hV = 10 m, κZ , σ =
0), the green dots a constant height of 20 m: γ˜V 0(σ|hV = 20 m, κZ ,m = 0)
and γ˜V 0(m|hV = 20 m, κZ , σ = 0) and the orange dots a constant height of
30 m: γ˜V 0(σ|hV = 30 m, κZ ,m = 0) and γ˜V 0(m|hV = 30 m, κZ , σ =
0), the black arrow indicates increment of hV . (b) Light blue dots indicate a
constant extinction of σ = 0.05 dB/m: γ˜V 0(hV |σ = 0.05 dB/mκZ ,m = 0),
the green dots a constant extinction of σ = 0.20 dB/m: γ˜V 0(hV |σ =
0.20 dB/m, κZ ,m = 0) and the orange dots a constant extinction of σ =
0.50 dB/m: γ˜V 0(hV |σ = 0.50 dB/m, κZ ,m = 0), the black arrow indicates
increment of σ.
for three extinction values, 0 dB/m (top), 0.1 dB/m (middle),
and 0.5 dB/m (bottom). For a constant forest height, the volume
coherence decreases with increasing κz . Decreasing extinctions
also lead for a constant height and a fixed κz to lower coherence
levels.
On the right column of Fig. 3, the corresponding plots for the
interferometric phase arg(γ˜V 0) are shown. The coherence-to-
height sensitivity is larger at low σ levels and decreases with
increasing σ, whereas the phase-to-height sensitivity is higher
for higher extinction levels. Accordingly, forest height inver-
sion performance relies on the choice of an appropriate vertical
wavenumber κz . For (too) large κz values, the sensitivity of the
coherence to forest height saturates at a given height so that
larger heights become underestimated.
Fig. 3. Volume coherence γ˜V 0, amplitude |˜γV 0| on the left and phase on the
right arg(γ˜V 0), as function of κz for five different forest heights: 10 m (dark
blue), 20 m (light blue), 30 m (green), 40 m (orange), and 50 m (red) and for
three different σ values: top 0.0 dB/m, middle: 0.1 dB/m and bottom: 0.5 dB/m.
On the other hand, for (too) small κz values, even small
(residual) decorrelations introduce large height errors due to the
unfavorable coherence to height scaling.
III. RVOG INVERSION
Forest height inversion by means of the RVoG model of (7)
using a single-baseline quad-polarimetric acquisition can be
addressed either in terms of a multidimensional optimization
problem [37], [60] or by using the geometrical representation of
(7) on the unit circle [26], [27], [30]. While the first approach
allows a simultaneous inversion of all parameters, the second
approach allows a more intuitive and controlled inversion. The
original idea for the geometrical inversion of (7) was proposed
in [27]. In the following, a (slightly) modified approach is
discussed.
1) Coherence Calibration: The RVoG model in (7) accounts
only for volume decorrelation ignoring all other decorrelation
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contributions in (2). As a consequence, any (even small) non-
volumetric decorrelation is interpreted as additional volume
decorrelation (induced for example by a higher volume layer)
and may lead therefore to significant height estimation errors
[34], [47], [48], [60]. Therefore, it is essential to compensate
for any nonvolumetric decorrelation contribution.
An exact estimation of all decorrelation sources is challeng-
ing so that the calibrated coherence γ˜Vol(w) may be either
overcompensated (due to an overestimation of the noise level)
or still affected by a residual decorrelation contribution. Ad-
ditionally, in the case of nonzero temporal baselines, temporal
decorrelation γ˜Tmp may be always present. Note that in most
cases the calibration of nonvolumetric decorrelation contribu-
tions compensates the coherence bias but not the increased
variance, in phase and coherence amplitude, which is caused
by the lower coherence level.
Spectral Decorrelation Calibration: In the spectral domain,
the baseline-induced difference in the projection of the hor-
izontal component of the scatterer reflectivity onto the two
acquisitions make the scatterer reflectivity spectrum in the two
images to be shifted with respect to each other. Assuming
range/azimuth spectral separability the spectral shifts in the
range ΔfRg and azimuth ΔfAz spectrum, are given by [44],
[45], [61]
ΔfRg = f0Δθ/ tan(θ0) ΔfAz = ΔfDC (12)
where f0 is the central system frequency, and ΔfDC the
Doppler-centroid difference between the two acquisitions. For
distributed scatterers with a white reflectivity spectrum, the
decorrelations induced by the spectral shift are [45], [61]
γRg = 1− |ΔfRg|
WRg
γAz = 1− |ΔfDC|
WAz
(13)
in which WRg and WAz are the (processed) range and azimuth
bandwidths, respectively. These coherences decrease linearly
with increasing (angular) baseline Δθ and/or with increasing
Doppler-centroid difference. Note that (13) holds as long as the
spectral shifts are small compared with the bandwidth, i.e., for
|ΔfRg|  WRg and |ΔfDC|  WAz .
Both contributions can be compensated by bandpass filtering
of the two images before forming the interferogram [45]. In this
case, both the coherence bias and the increased phase variance
introduced by γRg and γAz are compensated at the price of
a loss of spatial resolution. Alternatively, the coherence bias
induced by γRg and γAz can be compensated directly by means
of (13) without any loss in spatial resolution. However, in this
case, the increased phase variance induced by γRg and γAz
remains unaffected.
SNR Decorrelation Calibration: The most prominent con-
tribution to the overall system induced decorrelation γ˜Sys(w)
is the additive noise decorrelation γSNR(w). Modeling the re-
ceived signal to be composed by the scattering amplitude a(w)
and the noise amplitude n(w), i.e., s(w) := a(w) + n(w),
γSNR(w) can be written as [44], [61]
γSNR(w)=
1
1+SNR(w)−1
=
A(w)
A(w)+N(w)
=
A(w)
P (w)
(14)
where SNR(w) = P (w)/N(w) is the signal-to-noise ratio,
with P (w) = 〈s(w) · s∗(w)〉 the received power, A(w) =
〈a(w) · a∗(w)〉 the scattered power and N(w) = 〈n(w) ·
n∗(w)〉 the noise power.
The availability of fully polarimetric data allows an accurate
estimation of γSNR(w) based on the polarimetric coherence
between the two cross-polarized channels. Indeed, due to reci-
procity, the two cross-polarized channels are identical up to the
additive noise contributions. In this sense, the (polarimetric) co-
herence between the two cross-polarized channels corresponds
to the cross-polarized SNR decorrelation [62]
γHVSNR =
|〈SHV S∗V H〉|√〈SHV S∗HV 〉 〈SV HS∗HV 〉 = AHVPHV . (15)
The associated scattering and noise power are given by
AHV = γ
HV
SNRPHV NHV =
(
1− γHVSNR
)
PHV . (16)
Assuming the noise power to be the same in all polarimetric
channels, i.e., N(w) = NHV , the SNR decorrelation in each
channel can be estimated as
γSNR(w) =
P (w)−N(w)
P (w)
=
P (w)−NHV
P (w)
. (17)
2) Line Fit: The most critical step in the inversion proce-
dure is probably the estimation of the straight line segment
represented by the coherence region. In general, this step is
performed by a line fit exploiting a set of coherence loci on
the complex plane. The quality of the line fit is affected by
three parameters: 1) the validity of the RV assumption; 2) the
statistical variance of the coherence loci on the complex plane
defined by the individual coherence levels and the number of
looks used for their estimation [63], [64]; and 3) the length of
the visible line segment that depends on the physical properties
of the volume and of the underlying ground [26], [29]. For
an optimum line fit, the boundary of the coherence region
(indicated by the dotted ellipse in Fig. 4) is estimated first
[41], [42], [65], [66]. The two coherence loci on this boundary
that are furthest apart from each other are then assumed to be
γ˜Obs(mmin) and γ˜Obs(mmax) given by the yellow points in
Fig. 4. The line fit is then performed by connecting these two
points in the unit circle (blue line in Fig. 4).
3) Estimation of the Underlying Ground: The two inter-
section points of the fitted line with the unit circle are the
two possible solutions for the “ground only” point, i.e., the
coherence that corresponds to the underlying ground
γ˜Vol(m → ∞) = eiϕ0 = eiκzz0 . (18)
In [27], the selection of the right “ground only” was proposed
based on the fact that, according to (11), the movement along
the “visible” line segment corresponds to a monotonic change
of m. Assuming the smallest ground-to-volume ratio in the
cross-polarized channel m(HV ), the right “ground only” is the
one with the bigger distance from γ˜Obs(HV ) than from other
(for example, copolar), coherence loci. However, it turned out
that this criterion is too weak for reliable ground estimation.
In fact, γ˜Obs(HV ) may be in some cases closer to the ground
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Fig. 4. Inversion scenario in the unit circle; black dots: coherence region;
blue line: line fitted through coherence region; red dots: ground phase can-
didates ϕ1 or ϕ2; yellow dots: volume only coherence γ˜V 0 candidates
green circle: mark selected ground phase ϕ1 and the selected volume only
coherence γ˜V 0.
than other polarizations distorting the estimation of the ground
phase.
A more robust criterion can be derived from the monotonic
lowering (i.e., movement toward the ground) of the phase center
with increasing ground-to-volume ratio m(w). Assuming tree
heights less than π/κZ , and ϕ1 and ϕ2 to be the phases of
the two intersection points, the following decision rules can be
derived:
For κZ > 0:
if arg (exp(iϕ1) exp(iϕ2)∗) > 0 then ϕ0 = ϕ1 (19a)
if arg (exp(iϕ1) exp(iϕ2)∗) < 0 then ϕ0 = ϕ2. (19b)
For κZ < 0:
if arg (exp(iϕ1) exp(iϕ2)∗) < 0 then ϕ0 = ϕ1 (20a)
if arg (exp(iϕ1) exp(iϕ2)∗) > 0 then ϕ0 = ϕ2. (20b)
This approach holds for tree heights up to 1.3 ∗ π/κZ as
long as the extinction remains smaller than 0.3 dB/m. For tree
heights higher than 1.3 ∗ π/κZ , the estimated coherence levels
become very low (< 0.3, see Fig. 3 and Section IV), making the
selection of the right “ground only” point problematic.
4) Height Inversion: Having estimated ϕ0 and assuming
mmin = 0, i.e., no response from the ground in at least one
polarization channel, γ˜Obs(mmin) exp(−iϕ0) = γ˜V 0 whereas
γ˜Obs(mmin) is corrected for nonvolumetric decorrelation pro-
cesses. Height hV and extinction σ can be estimated unambigu-
ously by means of a 2-D nonlinear optimization problem
min
hV ,σ
‖[γ˜Obs(mmin) exp(−iϕ0)] [γ˜V 0(hV , σ, κZ)]‖ (21)
that can be implemented in terms of a 2-D lookup table [see red
dots in Fig. 2(a) and (b)].
The inversion complicates when mmin > 0, i.e., when a
(significant) ground scattering contribution is present in all po-
larizations. In this case, neglecting the ground scattering contri-
bution and associating γ˜V 0(hV , σ, κZ) to γ˜Vol(hV , σ,mmin) =
γ˜Obs(mmin) exp(−iϕ0) may lead to coherences outside the
solution space of (8) [the solution space of (8) is indicated by
the red dots in Fig. 2(a) and (b)].
At the same time, accepting γ˜Vol(hV , σ,mmin)= γ˜Obs(mmin)
exp(−iφ0) the three unknown parameters in (7) (i.e.,
hV , σ,mmin) cannot be estimated from a single γ˜Obs(mmin)
measurement only. One way to overcome this problem without
introducing more measurements is to fix the extinction value
as suggested in [35]. In many cases, a high ground scattering
contribution is the result of a low extinction level, justifying to
fix σ := 0 dB/m. In this case, the inversion of (21) becomes
min
hV ,m
‖[γ˜Obs(mmin) exp(−iϕ0)]
− [γ˜Vol(hV ,m, κZ , σ = 0 dB/m]‖ . (22)
The solution space of (22) is indicated by the blue dots in
Fig. 2(a).
IV. ROLE OF κZ IN INVERSION PERFORMANCE
The measured interferometric coherence may—even after
coherence calibration—still be biased by a residual nonvolu-
metric decorrelation contribution γRes(w). In order to quantify
the height error introduced by such a residual nonvolumetric
decorrelation contribution, a Monte Carlo simulation is per-
formed in the following. For this, we assume the observed
volume-only coherence γ˜Obs(mmin) (with mmin = 0) to be
γ˜Obs(mmin) = γ˜V 0(hV,σ, κz)γRes. (23)
The estimation accuracy of γ˜Obs is given by the stan-
dard deviation of its magnitude σγ(|γ˜Obs|, N) and its phase
σϕ(|γ˜Obs|, N) both defined by the coherence level |γ˜Obs| and
the number of looks N used for the estimation of γ˜Obs [50],
[61], [63], [64]
σ2γ (|γ˜Obs|, N)
=
[
Γ(N)Γ(2)
Γ(N + 1)
· 3F2 ·
(
2, N,N ;N + 1, 1; |γ˜Obs|2
)
× (1− |γ˜Obs|2)N ]− E {|γ˜Obs|}2 (24)
where E{|γ˜Obs|} is the expectation value of |γ˜Obs|, Γ(. . .) the
Gamma function and
σ2ϕ (|γ˜Obs|, N) =
π∫
−π
[ϕ− E{ϕ}]2 pdf(ϕ‖γ˜Obs|, N) dϕ (25)
where
pdf(ϕ‖γ˜Obs|, N)
=
Γ(L+ 0.5)(1− |γ˜Obs|2)2|γ˜E | cos(ϕ− ϕ0)
2
√
πΓ(L) (1− |γ˜Obs|2 cos2(ϕ− ϕ0))N+0.5
+
(1− |γ˜Obs|2)
2π 2
F1
(
N, 1, 0.5, |γ˜Obs|2 cos2(ϕ− ϕ0)
)
with ϕ = arg(γ˜Obs) and E{ϕ} is the expectation value of ϕ.
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Fig. 5. Standard deviation σΔh of the obtained forest height estimates hVi
scaled from 0% to 20% (see legend in the lower right side-valid for all graphs)
for three extinctions with a residual decorrelation coefficient γRes = 0.98;
left: number of looks N = 16; right: N = 64; black dashed line indicates a
coherence level of 0.3.
For a given volume characterized by hV , σ and a given
κz , first, γ˜V 0(hV , σ, κz) is estimated by using (9) and (8).
Using a fixed γRes level, γ˜Obs(mmin) = γ˜V 0(hV , σ, κz)γRes
is evaluated. Then, a set of (1000) γ˜Obsi samples is created
according to (24) and (26). For each of the generated γ˜Obsi
samples, forest height inversion was performed by means of
(21) and (22) leading to a set of estimated forest heights hVi .
This procedure has been performed for γRes = 0.98, a height
range from 2 to 60 m (234 samples with 0.25-m steps) and a
vertical wavenumber range from 0.02 to 0.4 rad/m (154 samples
in 0.0025 rad/m steps), for three extinction levels (0.0, 0.1 and
0.5 dB/m) and two different number of looks (N = 16 and 64).
Fig. 5 shows the standard deviation σΔh of the obtained forest
height estimates hVi plotted as a function of forest height hV
and vertical wavenumber κz for the three extinction levels (top:
σ = 0.0 dB/m, middle: 0.1 dB/m and bottom: σ = 0.5 dB/m).
On the left are the results obtained for N = 16 looks and on the
right the ones for N = 64 looks.
The plots show that for a given vertical wavenumber κz , there
is only a certain height range, where the inversion performance
is optimum. For forest heights below this range, the variance
increases as a result of the reduced sensitivity: even small(er)
variances of the γ˜Obs(mmin) induce a large variance of height.
For forest heights above the optimum range, the height vari-
ance increases as a result of the higher variance of γ˜Obs(mmin)
due to the low coherence level. Below a given coherence level
of 0.3 σΔh becomes in all scenarios larger than 10% (as
indicated by the black dashed line in Fig. 5). In the case of a
high extinction level (i.e., σ = 0.5 dB/m) γ˜Obsi is always larger
than 0.3. In this case the upper boundary is defined by the height
of ambiguity HoA = 2π/κz .
For N = 16, σΔh is for most κz and hV values clearly worse
than 10% and becomes marginal better than 10% only in the
high extinction case (i.e., σ = 0.5 dB/m). For N = 64, σΔh
improves to (on average) 7% or better and reaches only at the
edges (low and high heights for a certain κz) values larger than
10% height error.
For a given vertical wavenumber κz , the induced bias is
larger at small heights and decreases with increasing forest
height (see Fig. 6 left side).
On the right of Fig. 6, the bias of the height estimates BΔh
is plotted as a function of forest height hV and γRes (rang-
ing from 0.6 to 1.0) for three different vertical wavenumbers
(0.05 rad/m top, 0.10 rad/m middle and 0.20 rad/m bottom).
A mean extinction of 0.1 dB/m and N = 64 is used. Small κz
bear only small γRes, whereas larger κz can cope with higher
γRes. Equivalently, low forest heights are more affected by
γRes than tall forest heights. A vertical wavenumber of κz =
0.1 rad/m allows the estimation of heights greater than 30 m at
a decorrelation level of 0.8 with an accuracy better than 10%.
Summarizing the aforementioned results, Fig. 7 shows the
performance region where the total height error BΔh + σΔh is
better than 10% for the three different extinction levels: 0 dB/m,
0.1 dB/m and 0.5 dB/m.
For a given vertical wavenumber κz , the height range fulfill-
ing the 10% performance is limited toward higher heights by
the loss in coherence (the corresponding boundary for a given
number of looks is indicated by the red line), whereas toward
lower heights primarily by the bias induced by the residual
nonvolumetric decorrelation contribution (the corresponding
boundary is indicated by the blue line).
The simulations indicate that in order to meet 10% accuracy
for a height range from 5- to 60-m various baselines (vertical
wavenumbers κz) are required.
The number of required baselines depends on the occurring
extinctions.
Across all extinctions three baselines are sufficient to map
heights from 5 to 60 m with an hV Err better than 10%
[see Fig. 7(a)–(c)]. For higher extinctions (> 0.5 dB/m) two
baselines would be sufficient [see Fig. 7(c)], as here the higher
coherence values reduce the statistical variance. In Fig. 7, the
baselines (green arrows) are selected to cover a height range
between 5 and 60 m with a minimum number of baselines.
Note that the obtained results are in agreement with the results
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Fig. 6. Bias BΔh of the obtained forest height estimates hVi estimated
scaled from 0% to 20% (see legend in the lower left side-valid for all
graphs); left: BΔh for three extinctions and a residual decorrelation coefficient
γRes(w) = 0.98, white dashed line indicates a coherence level of 0.3; right:
BΔh as a function of decorrelation γRes(w) for three different vertical
wavenumbers κz and a mean extinction of 0.1 dB/m.
obtained in [43], [82] even if different parameters/thresholds
have been used to optimize the κz range.
V. INCIDENCE ANGLE VARIATION
According to (5), a change of incidence angle θ goes along
with a change of κz , even if the spatial baseline remains the
same. This is why in airborne (repeat-pass) interferometric
systems κz is 2-D: it varies along azimuth with the variation
of the spatial baseline components induced by the nonideal
platform motion and across range with the incidence angle. An
example of such an airborne 2-D κz map is shown in Fig. 12(c).
It is apparent that the for airborne SAR systems typical wide
variation of the incidence angle in range causes a (significant)
variation of κz . For a flight height of 3000 m above ground
and a horizontal baseline BH = 10 m in L-band, an incidence
Fig. 7. Inversion performance as a function of forest height hV and vertical
wavenumber κz for three extinctions assuming a height error better than 10%,
N = 64 with γRes(w) = 0.98; blue: lower boundary; red: upper boundary;
green arrows: baselines to cover a height range from 5 to 60 m.
Fig. 8. Vertical wavenumber κz as a function of the Incidence angle (5)
(H = 3000 m, L-band). (a) For three different horizontal baselines BH , red =
5 m, green = 10 m, blue = 15 m. (b) For three different vertical baselines BV ,
red = 5 m, green = 10 m, blue = 15 m.
angle of θ0 = 25◦ (NR) results in κz = 0.35 rad/m, whereas an
incidence angle of θ0 = 55◦ in FR results in κz = 0.07 rad/m
with a variation of about a factor of five. As indicated in
[68], the variation of κz across range is less when instead of
a horizontal a vertical baseline BV is applied. For the same
flight configuration as before this time with BV = 10 m, at
near-range (θ0 = 25◦) κz = 0.16 rad/m, whereas at far-range
(θ0 = 55
◦) κz = 0.10 rad/m corresponding to a variation of
a factor of 1.6.
In Fig. 8, κz is plotted as a function of the incidence angle
according to (5) for three horizontal baselines BH [in Fig. 8(a)]
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Fig. 9. Acquisition geometry with terrain slope. (a) Positive terrain slope.
(b) Negative terrain slope.α = terrain slope, BHo is the horizontal baseline
H is the flight height, θ0 the radar look angle, Δθ the difference in the radar
look angle induced by the baseline, hV the height of the volume and HF the
height of the forest.
and three vertical baselines BV [in Fig. 8(b)] for a flight
height of 3000 m above ground at L-band. The red line in
Fig. 8 indicatesBH = BV = 5 m, the greenBH = BV = 10 m
and the blue BH = BV = 15 m. As shown in Section IV,
in order to map a predefined range of forest heights with
similar accuracy, multiple airborne interferometric acquisitions
are necessary. Flight constellations using a vertical baseline
require less acquisitions to cover the whole image (in NR, as
well as in FR) with a combination of similar κz values.
An insufficient number of baselines or baselines with unfa-
vorable κz values lead to a reduced inversion performance. Ac-
cordingly, too low and/or too high κz values have to be masked
out during the inversion (in accordance with the expected forest
height range).
Additionally, low coherences lead for a given number of
looks N to large forest height error variances (see Section IV)
making an accurate inversion at a reasonable spatial resolution
impossible. In consequence, areas with low coherences have to
be masked out as areas with expected sub-optimal performance.
In this case, coherences |γ˜V 0| lower than 0.3 are excluded from
inversion.
The impact of the incidence angle on acquisition geometry
for spaceborne scenarios is discussed in detail in [25].
VI. TOPOGRAPHIC VARIATION
A. Impact of Slope on Baseline (κZ)
The importance of terrain slopes in the inversion process
has been already indicated by different studies [38], [69], [70].
While terrain slopes in azimuth have only a secondary effect
on κz , terrain slopes in range direction (indicated by α in
Fig. 9) modify the local incidence angle θ = θ0 + α and as a
consequence [see (5)] the vertical wavenumber κz results in
κz = m
2π
λ
Δθ
sin(θ0 + α)
. (26)
Accordingly, terrain slopes tilted toward the interferometer,
in the following called positive slopes, decrease the local in-
cidence angle θ [see Fig. 9(a)] and increase κz . Slopes tilted
away from the interferometer—in the following called negative
Fig. 10. Impact of terrain slope on volume coherence γV 0 as a function
of terrain slope for a 10 m (dark blue), 20 m (light blue), 30 m (green),
40 m (orange), and 50 m (red) high forest with σ = 0.1 dB/m, θ0 = 30◦.
(a) Nominal (not terrain corrected) κZ = 0.10 rad/m. (b) Nominal κZ =
0.20 rad/m.
slopes—increase θ [see Fig. 9(b)] and decrease κz . The terrain-
induced modulation of κz causes a terrain induced modulation
of the coherence: volume coherence decreases on positive
slopes and increases on negative slopes. This makes clear that
for an unbiased inversion, the dependence of κz on range terrain
slopes has to be accounted.
At the same time, terrain slopes in range modulate the (range)
spectral shift ΔfRg inducing, if not accounted for, an additional
error source. On the other hand, terrain adaptive (range) spec-
tral filtering can lead to a terrain dependent spatial resolution
that may also impact inversion performance (particularly when
referred to a certain spatial grid).
In Fig. 10, simulated volume coherences γ˜V 0 are displayed as
a function of terrain slope for two constant baselines [nominal
κZ for flat terrain is in Fig. 10(a) 0.1 rad/m and in Fig. 10(b)
0.2 rad/m] for different volume heights (10 m = dark blue,
20 m = light blue, 30 m = green, 40 m = orange and 50 m =
red). The simulations rely on (8) with σ = 0.1 dB/m and a
nominal incidence angle θ0 = 30◦. Ground scattering is not
considered, i.e., m = 0.
For the same volume height, positive slopes decrease and
negative slopes increase the interferometric coherence.
B. Correction of Terrain Slope
To compensate slope-induced effects in the Pol-InSAR in-
version, a digital elevation model (DEM) is required. Several
DEM’s of different quality and coverage are available.
1) The shuttle radar topography mission (SRTM) DEM [71]
has a spatial resolution of 90 m × 90 m with a relative
height error better than 10 m and global coverage between
−60◦ and 60◦ latitude.
2) The TanDEM-X DEM [72] has a spatial resolution of
12 m × 12 m with a relative height error better than 2 m
and is globally available.
3) (Airborne) LIDAR DTM’s [14], [73] have a system depen-
dent spatial resolution, usually on the order of 1 m × 1 m,
with a relative height error better than 1 m. LIDAR DTM’s
are available on local and regional scales.
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4) Pol-InSAR DEM’s derived from the Pol-InSAR data used
to estimate forest height [50]. Their spatial resolution and
height error depend strongly on the Pol-InSAR configura-
tion used.
SRTM (C- and/or X-band) and TanDEM-X (X-band) DEM’s
are digital surface models (DSMs), i.e., they refer to the in-
terferometric phase center height. Abrupt changes in forest
height are interpreted as strong terrain slopes. Thus, a low-
pass DEM filtering is recommended before slope estimation.
Airborne LIDAR DEM’s are highly accurate and reflect the
terrain topography below vegetation, but they are by far not
globally available.
Finally, using the DEM produced from the Pol-InSAR data
itself has the advantage of referring to the same (phase center)
height and having the same geometry and spatial spacing of the
inversion data. Nevertheless, regions of low coherence (caused
by high forest heights) affect the DEM accuracy due to the
increased phase variance. However, the availability of a multi-
baseline acquisition with a κZ range appropriate to invert a
wide range of forest heights allows in general the generation of
accurate DEM’s. The comparison of the inversion performance
by using the different DEM’s for terrain compensation will be
discussed in Section VII-C.
Compensation of terrain slope can be regarded as a two-step
process in the height inversion.
First, the range component of the terrain slope α is used
to correct the (nominal) incidence angle θ0. For this, the used
DEM is projected in the slant range geometry. Neglecting the
rather small dependence on the azimuth slope, the local terrain
slope α is given by
α = tan−1
(
ΔH
PSrg
sin(θ) +
ΔH
tan(θ)
)
(27)
where ΔH is the height difference between two consecu-
tive range samples and PSrg the corresponding slant range
distance.
Second, the resulting volume heights hV are transferred
into a forest height HF . The correction for terrain slope by
correcting the local incidence angle θ tilts the reference ground
level (line of tilted terrain in Fig. 9). The volume height hV is
then defined as the perpendicular height to the ground level.
On the contrary forest height HF is defined as the height
perpendicular to the horizon. Then, for flat terrain it results in
HF = hV (28)
whereas for sloped terrain
HF =
hV
cos |α| (29)
is valid. The amount of correction in (29) is for |α| ≤ 30◦
still below 15% of the estimated volume height hv . Without
correction the estimated forest heights become slightly under-
estimated.
Fig. 11. Height error induced by uncompensated terrain slope as a function
of terrain slope on a 10 m (dark blue), 20 m (light blue), 30 m (green), 40 m
(yellow), and 50 m (red) high forest with σ = 0.1 dB/m and a nominal (not
terrain corrected) κZ of 0.1 rad/m for three different radar look angles θ0.
TABLE I
OVERVIEW DATA
C. Uncompensated Terrain Slopes
Accuracy of the slope correction depends strongly on the
accuracy of the DEM at hand (exhaustively investigated in
Section VII-C). Fig. 11 shows the height error caused by
applying (21) without correcting κZ for terrain slopes as a
function of terrain slope for different forest heights HF (θreal)
ranging from 10 m (dark blue) to 50 m (red) [by means of (27)
and (7)] assuming an extinction of 0.1 and m = 0) and different
incidence angles θ0 = 20◦, θ0 = 30◦ and θ0 = 40◦. The 10%
height error (bias) is indicated by the black lines in Fig. 11.
Accordingly, positive terrain slopes result in an overes-
timation of forest height and negative terrain slopes in an
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Fig. 12. Test site “Kobernausser Wald”; NR (θ = 25◦) on the left side, far-range (θ = 55◦) on the right side; image dimension: 3 km (range) × 10 km
(azimuth). (a) Amplitude image HV polarization, superimposed by LIDAR H100 forest height strip scaled from 0 to 50 m (see legend). (b) DEM scaled from
580 m (black) to 820 m (white). (c) Vertical wavenumber κz 2-D (variations in azimuth) scaled in color from 0.02 rad/m (black) to 0.20 rad/m (white). (d) Vertical
wavenumber κz 2-D terrain corrected scaled from 0.02 rad/m (black) to 0.20 rad/m (white). (e) Interferometric coherence HV polarization scaled from 0 (black) to
1 (white) superimposed by Pol-InSAR forest height map scaled from 0 to 50 m (see legend). (f) Interferometric coherence HV polarization scaled from 0 (black)
to 1 (white) superimposed by Pol-InSAR forest heights masked with LIDAR reference height; Pol-InSAR forest heights are only shown for 0.05 < κz < 0.15.
underestimation of forest height. Uncompensated positive ter-
rain slopes introduce a much larger error than negative terrain
slopes. The impact of terrain slope depends also on the nominal
incidence angle θ0. Steep nominal incidence angle require a
more precise slope estimation than shallow θ0.
VII. RESULTS
In the following, Pol-InSAR forest height inversion is
demonstrated by means of three different test sites. Data were
acquired by DLR’s E-SAR system [67] and are listed in Table I.
For a validation of the Pol-InSAR height, estimates in all test
sites LIDAR reference measurements were used. Cross vali-
dation was carried out on stand level, by using homogeneous
forest areas with a mean size of approximately 3 to 5 ha.
Both Pol-InSAR forest heights estimates and LIDAR mea-
surements refer to the same reference height, i.e., the forest
canopy top height H100 as described in [25]. LIDAR H100
was calculated by a maximum filtering of the LIDAR DSM.
A detailed description about the calculation of LIDAR H100 is
given in [25] and [74].
A. Kobernausser Wald
The Kobernausser forest site is located in upper Austria
(48◦04′ north, 13◦14′ east) and represents typical temperate
forest conditions. It is a managed forest with stands of differ-
ent age and height. Forest stands are usually even aged and
dominated by coniferous trees (spruce, pine, and fir). Measured
forest heights range from 5 to 40 m. The topography of the site
is gently sloped.
Airborne LIDAR data were acquired in 2004 (same year as
Pol-InSAR measurements) on a diagonal strip across the SAR
image. The strip is 150 m broad and 9 km long [see Fig. 12(a)].
25 homogenous stands were chosen for cross validation.
For this test site, only a single Pol-InSAR repeat pass acqui-
sition in L- band is available which covers an area of 3 km in
range and 10 km in azimuth.
The test site is nearly completely covered by forest excluding
some agricultural areas in the upper right part of the scene.
Fig. 12(a) shows the amplitude image in HV polarization
superimposed by the LIDAR reference heights scaled from
0 m to 50 m.
In Fig. 12(b), the used X-band DEM is shown scaled from
580 to 820 m above mean sea level (AMSL) with 6 m ×
6 m spatial resolution. Fig. 12(c) shows the nominal vertical
wavenumber κz scaled from 0.02 rad/m (black) to 0.20 rad/m
(white) scaled in different colors and Fig. 12(d) κz corrected for
terrain slope. The strong fluctuations of κz along azimuth indi-
cate the motions of the aircraft during the acquisition (windy
flight conditions).
The terrain corrected κz image indicates already that large
parts of the image have too small or too large κz values for a
successful height inversion. The coherence amplitude image in
HV polarization is displayed in Fig. 12(e) and (f). Here, areas
of low coherence (on the left in NR) correspond to areas of high
κz (black regions) and indicate a saturation of the coherence-to-
height sensitivity.
In order to cover a height range up to 40 m, Pol-InSAR forest
height inversion was only carried out for κz values ranging from
0.05 rad/m to 0.15 rad/m, whereas areas with unfavorable κz
values are excluded from inversion. The obtained Pol-InSAR
forest height map scaled from 0 m to 50 m is superimposed on
the coherence image in Fig. 12(e).
For a better visual comparison only Pol-InSAR heights cov-
ered by the LIDAR measurements are superimposed in the
coherence image in Fig. 12(f).
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
12 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING
Fig. 13. Validation plot for single baseline inversion “Kobernausser Wald”
test site; Pol-InSAR height estimates versus LIDAR H100; 25 stands were used
for validation.
The validation plot for “Kobernausser Wald” against LIDAR
H100 is shown in Fig. 13 indicating a correlation coefficient r2
of 0.87 and an RMSE of 3.71 m, for a height range from 5 m to
35 m. As only a single baseline was available to cover the full
height range, inversion performance is reduced for large parts
of the inverted forest heights. Extinction ranges mainly between
0 dB/m and 0.2 dB/m and reaches rarely values greater than
0.5 dB/m. At 10% of the inverted pixels a ground contribution
could be detected which does not exceed an m of 0.15.
For two stands, Pol-InSAR forest height estimates differ
strongly from LIDAR measurements. Overestimation could be
caused by wind induced temporal decorrelation [27], [29], [47]
appearing in form of patches without affecting the entire image.
One stand is underestimated, probably due to a limited κz-to-
height sensitivity in this part of the scene. When the two stands
are excluded, then r2 raises to 0.97 with an RMSE of 2.22 m.
B. Krycklan Test Site
Krycklan forest is located in Middle Sweden (64◦10′ north
and 20◦01′ east) and represents typical forest conditions for
boreal forest systems of Scandinavia. It is a managed forest
with a mean forest height of 18 m and a mean biomass level
of 90 t/ha. The measured maximum forest height is 30 m.
The forest is dominated by coniferous trees (Norway spruce
and Scots pine) with fractions of birch. The site has a hilly
topography characterized by moderate slopes and a height
variation between 20 m and 400 m AMSL. Airborne LIDAR
measurements were collected in late summer 2008 (same year
as Pol-InSAR measurements) and are shown in Fig. 14(a). For
cross validation, 252 homogeneous stands were chosen.
Pol-InSAR data over Krycklan site were acquired in L- band
during the BIOSAR II campaign and are summarized in Table I.
For this test site, two headings are available looking to the scene
from the two opposite sites. Due to the large number of base-
Fig. 14. L-band forest height maps for the Krycklan test site geocoded in
UTM and scaled from 0 to 40 m (see legend on the left side). (a) LIDAR H100
image. (b) Pol-InSAR forest height combined from heading: 134◦ and heading:
314◦.
Fig. 15. Validation plots of multibaseline inversion “Krycklan” test site; Pol-
InSAR height estimates versus LIDAR H100 reference height. (a) Heading:
314◦. (b) Heading: 134◦. (c) Heading: 314◦ versus heading: 134◦. (d) Com-
bined inversion results of both headings versus LIDAR H100 reference height;
color of the stand dots represents terrain slope, scaled form −15◦ to 15◦; 228
stands were used for validation.
lines for each heading, for each position in the image several
baselines with κz values between 0.01 rad/m and 0.3 rad/m
are available. In the case in which for one pixel there are
several high-performance height estimates available, one height
estimate is selected applying the method described in [33].
A Pol-InSAR forest height map obtained from both headings
of Krycklan site is shown in Fig. 14(b) scaled from 0 to 40 m.
Cross-validation plots of the Pol-InSAR height estimates
against the LIDAR H100 plots are displayed in Fig. 15. The
color of each plotted point represents the mean slope of each
stand, scaled between −15◦ and 15◦. Due to the opposite flight
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Fig. 16. 2-D Histograms of Pol-InSAR heights minus LIDAR H100 versus terrain slope α for different DEM’s; scaling from blue (low occurance) to green to
red (high occurance). (a) No DEM correction. (b) LIDAR DEM 1 m × 1 m. (c) L- band DEM. (d) SRTM DEM 90 m× 90 m. (e) TanDEM-X DEM 12 m× 12 m.
direction in the two headings, the positive slope in the first
heading becomes negative in the second heading and vice versa.
Inversion results from the 314◦ and 134◦ headings reach a cor-
relation coefficient of 0.91/0.92 with an RMSE of 2.16/2.23 m
for a height range from 5 m to 30 m. Extinction ranges mainly
between 0 dB/m and 0.1 dB/m and reaches rarely values
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greater than 0.2 dB/m. At 15% of the inverted pixels a ground
contribution could be detected which does not exceed an m
of 0.20.
Both headings seem to slightly overestimate forest heights.
The consistency of the results obtained from the two headings is
underlined by a direct comparison of the forest height estimates
from the two heading with an r2 of 0.91 and an RMSE of
1.69 m [see Fig. 15(c)]. For the combined scenario of the two
different headings, the correlation coefficient improves slightly
with an r2 of 0.94, whereas the RMSE reduces to 1.32 m
[see Fig. 15(d)]. The slight overestimation of forest height
as observed in the single headings disappeared. The forest
height estimates from the two headings proof that Pol-InSAR
forest height inversion with topographic correction provides
consistent forest height maps independent of topography and
radar look direction.
C. Impact of the Used DEM on Inversion
In Section VI-B, it was outlined that the accuracy of Pol-
InSAR height inversion depends strongly on the accuracy of the
used DEM. The quality of the used DEM depends mainly on the
spatial resolution, which should be compatible to the resolution
of the Pol-InSAR data. In the following an SRTM DEM, a
TanDEM-X DEM, an L- band DEM (calculated from a single
interferogram with 12-m baseline) and a LIDAR DEM will
be used to test their applicability for Pol-InSAR forest height
inversion using the 135◦ heading data set from Krycklan site.
As for the Krycklan site no SRTM measurements are available
(64◦ latitude) SRTM was simulated reducing the resolution of
the TDX measurements to 90 m × 90 m.
Fig. 16 show the 2-D histogram plots (color reflects the
quantity, blue = low quantity, dark red = high quantity) of the
difference between Pol-InSAR forest height and LIDAR H100
versus terrain slope for the DEM’s used for slope correction,
including one scenario without DEM correction. The best per-
formance corresponds to the scenario with the lowest height
difference along the whole range of terrain slopes. Without
DEM correction [see Fig. 16(a)] negative slopes are strongly
underestimated and positive slopes are strongly overestimated.
The LIDAR DEM, the L-band DEM, and the TanDEM-X
DEM [see Fig. 16(b), (c), and (e)] perform similarly. In all
three scenarios the terrain slope is sufficiently corrected and
the obtained results reflect the results from the validation plot
displayed in Fig. 15(b) (slight overestimation along all terrain
slopes). Only terrain slopes larger than 15◦ seem to perform
less well. For the SRTM DEM-corrected height estimates [see
Fig. 16(d)] negative slopes are still underestimated and positive
slopes are still overestimated. Resolution of the SRTM is not
sufficient for a proper correction of terrain slope in these data .
D. Sungai Wain Test Site (Tropical Scenario)
Sungai Wain forest is a tropical lowland dipterocarp forest
typical for Southeast Asia and is located in east Kalimantan on
the island of Borneo (lat: −1.10◦ long: 116.82◦). This test site
was part of the Indrex-II campaign [75]. A detailed description
Fig. 17. Validation plots of multibaseline inversion “Sungai Wain” test site;
Pol-InSAR height estimates versus LIDAR H100 reference height; the color of
the stand dots represents terrain slope, scaled from −15◦ to 15◦; 100 stands
were used for validation.
of the test site and validated forest heights can be found in
[29]. The maximum tree height is ∼60 m (mean tree height
40 m) with a biomass which is partly beyond 400 t/ha. The test
site is placed in a hilly topography with partly steep slopes, as
indicated by the X-band DEM in Fig. 18(b).
Pol-InSAR data were acquired in November 2004. A list of
the used baselines is given in Table I and an amplitude image
of the scene in HV polarization superimposed by the LIDAR
measurements is shown in Fig. 18(a). For terrain correction the
low-pass filtered X-band DEM was used.
Fig. 18(d) and (e) show two coherence images (with different
baseline), acquired in HV polarization at P-band. The scene is
nearly completely covered with forest. Forest height fluctuates
nearly all over the image around 40 m (indicating similar
scattering all over the image). Typical for the test site are the
strong topographic variations (slopes up to 25◦), as shown in
the DEM [see Fig. 18(b)] and the slope image [see Fig. 18(c)].
Valleys are indicated by a blue line (deepest point) and hill tops
by a red line (highest point) in Fig. 18(b)–(e). The coherence
image in Fig. 18(d) was acquired with BHOR = 30 m and the
coherence image in Fig. 18(e) with BHOR = 15 m. Coherence
increases from the small to the large baseline indicating that
volume decorrelation is the main decorrelation term and under-
lines the dependence of volume decorrelation on the vertical
wavenumber κZ .
In the coherence images in Fig. 18(d) and (e), it can be
observed that in range direction, coherence is lower on positive
slopes compared with the adjacent coherence estimates on the
negative slopes. Furthermore, it can be observed that coherence
changes mostly from low (dark) values to high (bright) values
on the hill tops and the lowest valley points [red and blue lines
in Fig. 18(d) and (e)].
Of course, a slope-induced change of the ground-to-volume
ratio in the scattering could contribute to the observed changes
in coherence as well. Nevertheless, in HV polarization, ground
scattering can be assumed to play only a minor role.
Until now, inversion results could be validated with only
one large ground measurement plot (540 m × 286 m) [29].
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Fig. 18. Test site “Sungai Wain”; NR (θ = 25◦) on the left side, far-range (θ = 55◦) on the right side. (a) Amplitude image HV polarization, superimposed
by LIDAR H100 forest height strip (scaled from 0 to 50 m). (b) low-pass filtered DEM of the test site obtained from airborne X-band interferometric data, scaled
from 50 m (black) to 200 m (white). (c) Terrain slope map scaled from −15◦ to 15◦ (see legend). (d): interferometric coherences in HV polarization scaled from
0 (black) to 1 (white) with BH = 30 m. (e) interferometric coherences in HV polarization scaled from 0 (black) to 1 (white) with BH = 15 m superimposed by
Pol-InSAR forest heights masked with LIDAR reference height scaled from 0 to 50 m (see legend on the right side). (f) Pol-InSAR full area forest height map
scaled from 0 m to 50 m: blue lines = valleys (deepest point), red lines = mountain ridges (highest point).
In August 2011, LIDAR measurements were performed over
Sungai Wain site and allow now a more sophisticated validation
of the estimated Pol-InSAR forest heights; therefore, cross
validation is repeated in this paper for the P-band scenario.
LIDAR data cover only a small strip of the image with
approximately 500 m width. The LIDAR strip crosses the image
in the middle from near to FR [see Fig. 18(a)].
For cross-validation purposes, the LIDAR was cut into
100 segments of same size and the mean value of each seg-
ment was plotted against the mean value of the corresponding
Pol-InSAR forest heights.
Despite the seven-year time difference between the LIDAR
and the Pol-InSAR acquisitions, no severe changes of the forest
are expected for this time span. The forest reached its climax
stadium this means height growth is extremely slow and heavy
changes occur exclusively by die back processes [77].
A complete Pol-InSAR forest height map of the whole scene
is displayed in Fig. 18(f). In the case in which for one pixel
there are several high-performance height estimates available,
one height estimate is selected applying the method described
in [33]. Forest height reaches several times values larger than
50 m. Lower forest parts on the top and the lower left arise
from the severe forest fires during the El Nino events in 1982
and 1998. Here, the pristine forest was completely destroyed by
the fire and the area is now covered with Macaranga secondary
forest. Over large areas of the image the Dipterocarp forest is
still untouched.
For the sake of comparison the Pol-InSAR height corre-
sponding to the area covered by the LIDAR strip is superim-
posed to the coherence image in Fig. 18(e).
A validation plot is displayed in Fig. 17 each validation
point is colored according to the mean terrain slope of the
segment. The validated heights seem to be independent from
terrain slope and have, even after seven years of time difference
between LIDAR and radar acquisition, only an RMSE of 3.2 m.
The correlation coefficient is rather low (0.44), but this can be
explained by the lack of forest heights lower than 30 m in the
cross-validation area. The forest heights of the single segments
range only between 30 and 45 m (only 15 m span) and the small
height span in combination with the RMSE of 3.2 m lowers the
correlation coefficient dramatically. Extinction ranges mainly
between 0 and 0.2 dB/m and reaches rarely values greater than
0.5 dB/m. At 8% of the inverted pixels a ground contribution
could be detected which does not exceed an m of 0.20.
VIII. DISCUSSION AND CONCLUSION
Forest height estimation by means of model-based inversion
of Pol-InSAR has the potential for accurate, i.e., within 10% or
even better, forest height mapping across a wide range of forest
and terrain conditions. However, the inversion performance
depends strongly on the accurate compensation of nonvolumet-
ric decorrelation contributions, the choice of the appropriate
vertical wavenumber κz and the knowledge about its variation
within the scene.
This paper focuses on the impact of the vertical interfer-
ometric wavenumber κz on the performance of forest height
estimation. In a quantitative analysis it was demonstrated that
a single κz allows accurate inversion only for a limited range
of forest heights. For taller stands, the performance is limited
by the variance induced by the low coherence levels. This can
partially be compensated by increasing the number of looks at
the expense of spatial resolution. With further increasing stand
height the sensitivity of the interferometric coherence to forest
height saturates leading to underestimated forest height esti-
mates. For shorter stands, the performance is limited primarily
by the bias induced by the residual nonvolumetric decorrelation
contributions. In consequence, in order to obtain the optimum
inversion performance over a wide range of forest heights,
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multiple Pol-InSAR acquisitions with variable κz values are
required. A concept for defining the optimum κz values for a
given height range has been introduced in Section IV. Accord-
ingly, a 10% height estimation accuracy, for a height range from
5 to 60 m requires—in general—three different κz values.
If only one baseline is available, then, the estimation perfor-
mance depends strongly on the prevailing forest heights.
A good compromise in order to obtain reliable forest height
estimates with sufficient accuracy for single baseline acquisi-
tions is to mask κz < 0.05 rad/m and κz > 0.15 rad/m.
The vertical interferometric wavenumber κz is defined by
the acquisition geometry and depends on the incidence angle
and on the range component of the local terrain slope. Conse-
quently, for a precise estimation of κz a DEM is required. In or-
der to assess the required DEM quality, several available DEM
products have been tested on their suitability for topographic
correction in the Pol-InSAR inversion process. While the low-
resolution SRTM DEM was not able to fully compensate terrain
slope effects, the TanDEM-X DEM, as well as the LIDAR
DEM and the (L-Band) DEM obtained from the Pol-InSAR
measurements itself performed similar and were able to correct
the topographic effects.
Finally, Pol-InSAR forest height estimation was successfully
demonstrated in L- and P-band for forest heights up to 40 m in
three different test sites representing three ecologically different
forest types: boreal forest, temperate forest and tropical forest.
A P-band acquisition over dense tropical lowland forest in
Indonesia with tree heights up to 60 m could be successfully
inverted and cross validated with LIDAR measurements.
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Height Estimation of Boreal Forest: Interferometric
Model-Based Inversion at L- and X-Band Versus
HUTSCAT Profiling Scatterometer
Jaan Praks, Member, IEEE, Florian Kugler, Konstantinos P. Papathanassiou, Senior Member, IEEE,
Irena Hajnsek, Member, IEEE, and Martti Hallikainen, Fellow, IEEE
Abstract—In this letter, we present results from the FinSAR
project, where the E-SAR and Helsinki University of Technology
Scatterometer (HUTSCAT) instruments were operated together
in order to validate tree-height retrieval algorithms for boreal
forest. The campaign was carried out in Finland in fall 2003. The
main instruments of the campaign were the E-SAR airborne radar
(operating at L- and X-band) and the HUTSCAT helicopter-borne
profiling scatterometer (operating at X- and C-band). We compare
and discuss forest height obtained from the inversion quad-pol
polarimetric interferometric synthetic aperture radar (SAR) data
sets at L-band and forest height obtained from the inversion of
single-pol X-band in SAR data with forest height estimates from
HUTSCAT scatterometer data. Our results show that the forest
height values, which are estimated by means of two different radar
instruments, are in good agreement. The correlation between
HUTSCAT and E-SAR height estimates (R = 0.77 at L-band and
R = 0.75 at X-band) underlines the good agreement between the
results obtained by the two approaches.
Index Terms—Boreal forest, polarimetric interferometry,
scatterometer, synthetic aperture radar (SAR), tree height.
I. INTRODUCTION
A S A RESULT of the launch of the new spacebornesynthetic aperture radar (SAR) sensor generation in
2006–2007, great interest has been taken in coherent image
processing techniques. One of the promising new technolo-
gies proposed for forest mapping and monitoring is forest
height estimation by model-based inversion of polarimetric
interferometric SAR (POLInSAR) data [1], [2]. The estimation
performance has been validated for a large variety of forests and
terrain conditions, including tropical rainforest [3] and tem-
pered broad-leaved forests [4]. Looking now on boreal forests,
while conventional InSAR techniques have been used to inves-
tigate vertical profile [5] and biomass [6]–[8], no validation of
POLInSAR methodology has been performed up to now. To
this end, we have conducted a case study where we evaluate for
the first time how the POLInSAR approach performs for mixed
boreal forests. The measurement campaign was conducted in
southern Finland, at the end of September and the beginning
of October 2003. The POLInSAR data were collected by the
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German Aerospace Center’s (DLR) E-SAR airborne radar [9]
at L- and X-band over an area of 3 × 15 km. Additionally, C-
and X-band backscattering profiles of the test site forest were
measured with the helicopter-mounted Helsinki University of
Technology Scatterometer (HUTSCAT) profiling scatterometer
[10], [11]. Ground measurements were performed during the
campaign, and a large database of supporting material was es-
tablished. This letter is structured as follows. First, we describe
the test site, the measurement campaign, and the collected
datasets. Then, we address the forest height inversion from
the different measurements and the cross validation of the
obtained estimates. Finally, we discuss the results and draw the
conclusions.
II. MEASUREMENT CAMPAIGN
A. Test Site
The test site is located in southern Finland (N 60◦ 11′,
E 24◦ 29′), near Helsinki. The area represents typical land
use for southern Finland, where agricultural fields alternate
with forest patches and lakes. The forest in the test area is
heterogeneous and consists of rather small stands. The test
area incorporates young and old coniferous stands and mixed
(coniferous/deciduous) stands, clear cuts, and mires. The domi-
nant tree species are Scotch pine, Norwegian spruce, birch, and
alder. According to a forest inventory conducted in 2001, which
is covering part of the study site, the median stand size in the
area is approximately 1 ha, median age is 46 years, median
stand mean height is 6.3 m, highest stand mean height is 22 m,
and median stem volume of a stand is 160 m3/ha. Elevation
varies from 15 to 80 m above mean sea level. The terrain is
relatively rough and rocky, particularly in the forest. Rapid
elevation changes, and rough surface makes the site challenging
for POLInSAR methods. During the campaign, the deciduous
forest was still in full leaf, but discoloration had already begun
for the broad-leaved species.
B. E-SAR Flight
The E-SAR flight took place on September 29, 2003, be-
tween eight and nine o’clock in the morning. The instrument
flew in about 3-km altitude along five parallel tracks, each
separated by a spatial baseline of 5 m, and collected repeat
pass quad-pol images at L-band (1.3 GHz) and along a single
track in a single-pass single-pol vertical-vertical (VV) polar-
ization, radar transmitting and receiving antenna polarizations
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Fig. 1. Forest height map generated by model inversion using L-band POLInSAR combined with ancillary data. Slant range geometry. (Top) Near range,
(bottom) far range. Dotted lines are the HUTSCAT measurement tracks identified by numbers. Part of tracks 1 and 5 are highlighted and presented in detail in
Fig. 2. Solid lines show available forest stand map. Circles marked with letters denote ground sample plots. Forest height (meters) scales on the left. The black
regions correspond to nonforested areas such as lakes and fields.
interferometric mode at X-band (9.6 GHz). The temporal base-
line between subsequent tracks was approximately 12–14 min.
Both frequencies have been acquired using a 100-MHz band-
width and processed to a 2 × 2 m (range and azimuth) res-
olution grid. The weather during the image acquisition was,
according to our weather station located in the area, mostly
calm with an average wind from WSW from 0 to 1.8 m/s.
The wind was measured at 2-m height from the ground. Air
temperature in the forest was around 10 ◦C.
C. HUTSCAT Flight
Reference tree-height data were collected by the helicopter-
borne HUTSCAT scatterometer [10], which is able to collect a
vertical backscattering profile along the flight track at C-band
(5.4 GHz) and X-band (9.8 GHz). The HUTSCAT measure-
ment was carried out two days later, due to thick fog, under
similar weather conditions. The incidence angle was vertical,
and the helicopter location was measured by differential GPS
(the attitude was not acquired). HUTSCAT measured 11 tran-
sects, altogether 36 km. Most of the HUTSCAT measurements
are concentrated on a 2 × 2 km area (see Fig. 1), covering
the E-SAR near and midrange. Accuracy of the HUTSCAT
tree-height measurement capability has been determined to be
1.6 m [12]. The HUTSCAT range resolution is 0.65 m, and
antenna beam width is 3.8◦ resulting 6.6-m footprint on the
ground from 100 m altitude. However, the system sampling
frequency is 20 Hz which corresponds to along-track sampling
distance which is 1.25 m when helicopter moves with ideal
speed of 25 m/s.
D. Ground Measurements and Supplementary Material
Ground measurements were made both during the E-SAR
and during the HUTSCAT flight day. The test plots were located
along the HUTSCAT flight lines. Soil moisture, temperature,
and leaf area index (with LAI2000) were measured, and digital
photographs were taken. Weather information was collected by
two portable weather stations. Forest inventory data were made
available by the local forest authority for 76 stands, covering a
136-ha area. The forest stand information was gathered in April
2001, and unfortunately, it may not be sufficiently up to date for
some rapidly growing stands. Aerial image mosaic and maps
are available for the whole test site.
III. METHODS
A. E-SAR
The estimation of forest height from interferometric coher-
ence measurements is based on the inversion of the random
volume over ground (RVoG) scattering model by using in
principle the three-stage inversion process described in [2]. The
model describes the vegetation layer (canopy + branches +
trunks) as a homogeneous layer of given height (corresponding
to a mean for forest height hV) located over an impenetrable
ground that accounts for any scattering contribution with an
isolated phase center located on the ground. For a given nonzero
spatial baseline, the model gives the modeled interferometric
coherence γ˜m as a function of polarization w as follows:
γ˜m(w) = exp(iφ0)
γ˜V +m(w)
1 +m(w)
(1)
where φ0 = κzz0 is the phase related to the ground topography
z0, and κz is the effective vertical interferometric wavenumber
after range spectral filtering that depends on the imaging geom-
etry and the radar wavelength. γ˜V is the volume-only coherence
(i.e., the volume decorrelation caused in the absence of the
ground layer), and m is the effective ground-to-volume ampli-
tude ratio accounting for the attenuation through the volume
m(w) =
mG(w)
mV(w)
exp
(
− 2σhV
cos θ0
)
(2)
where mG and mV are the ground and volume scattering
amplitudes, σ is the mean extinction coefficient of the volume
layer, hV is the thickness of the volume layer, and θ0 is the
mean incidence angle [1], [2]. Volume decorrelation for the
vegetation layer alone is given by
γ˜V =
hV∫
0
exp
(
2σz′
cos θ0
)
exp (iκzz′) dz′
hV∫
0
exp
(
2σz′
cos θ0
)
dz′
. (3)
Assuming that all decorrelation is caused by volume decorre-
lation and neglecting other decorrelation sources [as temporal,
signal-to-noise ratio (SNR), and/or processing induced decor-
relation contributions], the inversion problem of (1) can be
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written in terms of a minimization problem between measured
coherence γ˜ and modeled coherence γ˜m
min
hV,σ,m(w),φ0
‖γ˜(w)− γ˜m (hV, σ,m(w), φ0)‖ . (4)
Note that the terms inside the brackets indicate the four un-
knowns. The problem can be solved uniquely in terms of a
quad-pol single baseline acquisition [1] that provides three
independent polarizations
min
hV,σ,mn,φ0
∥∥∥[γ˜(w1)γ˜(w2)γ˜(w3)]T − [γ˜m(hV, σ,m1|φ0)
γ˜m(hV, σ,m2|φ0)γ˜m(hV, σ, φ0|ms=0)]T
∥∥∥ (5)
as described in [2]. In this letter, a quad-pol L-band 10-m nom-
inal spatial baseline (corresponding to a nominal κz = 0.11)
acquisition is chosen for the inversion of (1) because it provides
best inversion performance in terms of vertical wavenumber.
For the coherence estimation, a 7 × 7 estimation window has
been used.
In addition, the single-pass single-pol X-band acquisition is
used for height inversion, as proposed in [13]. The inversion
problem of (1) is underdetermined for a single-baseline single-
pol observation space, where only two observables are available
to recover four unknowns. Nevertheless, a determined problem
can be enforced by neglecting the ground scattering component
and fixing the extinction coefficient. The reasoning behind this
is as follows. Compared to L-band, X-band extinction in forest
canopy is higher, attenuating strongly the ground scattering.
In this case, with increasing extinction, the interferometric
coherence increases as the effective phase center moves toward
the top of the trees. Fixing also the extinction coefficient σ
value (σ0 = 0.1 dB/m in this letter) and assuming m = 0
for all polarizations, the inversion problem for polarization w
(VV in our case) takes the form
min
hV,φ0
‖γ˜(wVV)− γ˜m(hV, φ0|σ = σ0)‖ (6)
that can be further reduced to a single-parameter (real) problem
by ignoring the ground phase φ0
min
hV
‖ |γ˜(wVV)| − |γ˜m(hV, φ0|σ = σ0)| ‖ . (7)
After discarding the ground phase and fixing extinction, X-band
height inversion is based on coherence amplitude. As a part of
tree-height estimation, a forest mask was generated by using
SNR decorrelation [14] for L-band to differentiate forested and
nonforested areas.
B. HUTSCAT
The HUTSCAT-measured vertical backscattering profile data
were linked to the GPS measurements by using the HUTSCAT
time stamp. The tree height was determined from the scat-
tering profiles as the difference between ground and tree-top
reflections. HUTSCAT’s resolution in range direction is 0.65 m.
For detecting the ground and the tree tops form the profile,
an automatic algorithm was developed. The algorithm was
applied for both X- and C-band-profiles. Derived tree-height
profiles were slightly different for X- and C-band because
C-band penetration depth is slightly greater. C-band measure-
ment has also more noise because of instrument properties.
The HUTSCAT system does not have an ability to measure
attitude, and therefore, the helicopter’s X and Y coordinates
were used as an approximation for the antenna beam location
on the ground. This can cause a localization error, depending
on the measurement system tilt angle. The beam localization
error is assumed in most cases to be less than 15 m; this was
checked by using orthophotos. HUTSCAT data collection pro-
vided approximately 32 000 measurements along 11 transects,
comprising approximately 24 000 height estimates calculated
separately for X- and C-band.
C. Comparison of Tree-Height Measurements
In order to validate forest height estimates from model
inversion, we compared them to HUTSCAT measurements
and forest inventory data. For this, ancillary data were con-
verted to the slant range geometry of L-band. Fig. 1 shows
POLInSAR-generated forest height map in slant range geom-
etry combined with HUTSCAT measurement tracks and stand-
inventory vector map. The comparison with the stand inventory
data was done for stand averages, where stand borders were
taken from inventory stand map. In order to compare the SAR
and HUTSCAT tree-height estimates, the HUTSCAT estimates
were converted to SAR slant-range coordinates to make the
comparison on pixel basis. The pixel-based comparison ap-
proach was found difficult: problems were caused particularly
due to the localization errors in the HUTSCAT data. The tree
height in mixed forest can have rapid fluctuations, and there-
fore, localization uncertainties may cause large height errors
which are difficult to identify on pixel-by-pixel scatterplots.
Therefore, POLInSAR estimates were converted also to the
HUTSCAT range profile coordinates to compare the estimates
right on the HUTSCAT measured scattering profiles. This ap-
proach allows better identification of various error sources and
gives better overview of inversion performance and possible
problems.
IV. RESULTS AND DISCUSSION
Fig. 1 shows a forest height map retrieved from L-band
inversion. As it can be seen, locally (mainly in far range)
large height errors appear due to uncompensated decorrelation
contributions, like temporal, etc. The impact of uncorrelated
decorrelation contribution accelerates from near to far range.
However, stands with different height can be clearly identified.
Fig. 2 shows part of the HUTSCAT measurement profile at
X-band with the POLInSAR tree-height measurements on top
of it. The x-axis is HUTSCAT sample number, corresponding
to helicopter forward velocity, and the y-axis is HUTSCAT
vertical range. Lighter areas correspond to backscattering
(decibel) from trees and ground. The black line corresponds to
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Fig. 2. POLInSAR L- and X-band forest height estimates on top of HUTSCAT X-band vertical forest backscattering profile. (A) and (B) HUTSCAT track 1
(E-SAR near range). (C) and (D) HUTSCAT track 5 (E-SAR midrange). White dots represent the POLInSAR forest-height estimates for (A) and (C) L-band
10-m baseline and (B) and (D) X-band 0.8-m baseline. The x-axis is HUTSCAT sample number, corresponding to helicopter movement. One sample corresponds
approximately to 1.25 m. The y-axis is HUTSCAT vertical range and tree height in meters. Lighter areas correspond to backscattering (decibel) from trees and
ground. The black line corresponds to the automatically detected ground and tree top level for HUTSCAT profile. The white line shows the stand mean height
from forest inventory, where available. The length of track in the image is approximately 2.5 km. Flight direction in reference to Fig. 1 is from right to left.
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the automatically detected ground level. White dots correspond
to POLInSAR tree-height estimates relative to HUTSCAT de-
tected ground line; therefore, zero tree-height (open areas) dots
appear on the HUTSCAT ground line. The white line indicates
the mean tree-height line from inventory data, where available.
The results in Fig. 2(a) indicate that the estimates derived from
L-band POLInSAR model inversion are in a good agreement
with HUTSCAT measurements in the SAR near-range area.
Single measurements are somewhat noisy, but the general trend
follows tree top level rather closely. For the higher forest stands,
the variability in height estimates is higher while for smaller
forest stands, the variability is smaller, due to the variance of the
volumetric coherence. It seems that some of the POLInSAR-
derived tree heights are slightly underestimated (i.e., lower than
the highest tree tops), but this is in average compensated. For
very sparse (open canopy) forest on the right-hand side of the
image, the POLInSAR estimates at L-band underestimate the
tree heights. When moving to midrange [Fig. 2(c)], L-band
estimates tend to overestimate isolated areas. In general, the
detected tree top level is somewhat higher than that detected by
HUTSCAT, and in noisy areas, it tends to have unrealistically
high values. The reason for this are primarily uncompensated
nonvolumetric decorrelation effects that are more unfavorable
at the smaller baseline region at mid and far range, than at the
larger baselines at near range. The experimental X-band derived
tree-height estimates are shown in Fig. 2(b) and (d). As dis-
cussed in Section III-A and mentioned in [13], the inversion is
underdetermined and possible only under rather strong assump-
tions. However, as shown in Fig. 2(b), the obtained X-band esti-
mates perform surprisingly well. Despite some overestimation
and noise effects, the X-band seems even to follow better the
actual tree crown structure and to detect better the gaps between
the trees than at L-band. In the sparse forested areas, it tracks
better the tree height than at L-band. Because of the HUTSCAT
localization uncertainty and some noise in inversion results,
we use averaging in comparison of HUTSCAT and E-SAR
results. When using 60 sample average blocks along HUTSCAT
track (approximately 75 m), the correlation between HUTSCAT
height estimates (for track 1, partly presented in Fig. 2) and
E-SAR L-band heights is R = 0.77; the corresponding value
for X-band is R = 0.75. Tree-height estimates were also com-
pared to a standwise inventory by calculating an average
height estimate for 76 inventoried stands. The correlation be-
tween X-band height and stand mean height from inventory is
R = 0.68, and for L-band, R = 0.64. It is interesting to note
that POLInSAR-derived stand height has a better correlation
with the inventory mean height than HUTSCAT-derived mean
height estimates (correlation R = 0.55). This can be explained
by the fact that HUTSCAT had a significantly smaller sampling
area per stand, and HUTSCAT measurement covered only
43 of inventoried stands. We should also keep in mind that
the HUTSCAT and E-SAR inversion estimate the top height,
where inventory estimates the mean height [4]. Compared
to E-SAR L-band results, the simplified inversion of X-band
performs surprisingly well. Partly because the L-band inversion
performance is limited by repeat pass, acquisition introduced
temporal and system decorrelation effects, which do not appear
in the X-band single pass acquisition scenario.
V. CONCLUSION
In this letter, we have shown that tree-height estimation by
means of L-band interferometric polarimetry and inversion of
the RVoG model works well for boreal forests. POLInSAR-
derived height agrees well with independent tree-height mea-
surements made with the HUTSCAT profiling scatterometer.
We also conclude that X-band inversion for tree height has a
potential at least at low-density forest ecosystems (e.g., boreal
region). This is important for future InSAR systems at X-band,
such as the Tandem-X configuration. A profiling scatterometer
instrument like HUTSCAT can give valuable information to
support validation of POLInSAR methods and can help to better
understand backscattering processes in vertically distributed
media like forests. The material collected for the letter is
extensive and gives many possibilities for further studies.
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Tropical-Forest-Parameter Estimation by Means of
Pol-InSAR: The INDREX-II Campaign
Irena Hajnsek, Member, IEEE, Florian Kugler, Seung-Kuk Lee, and
Konstantinos Panagiotis Papathanassiou, Senior Member, IEEE
Abstract—This paper addresses the potential and limitations of
polarimetric synthetic aperture radar (SAR) interferometry (Pol-
InSAR) inversion techniques for quantitative forest-parameter
estimation in tropical forests by making use of the unique data set
acquired in the frame of the second Indonesian Airborne Radar
Experiment (INDREX-II) campaign—including Pol-InSAR, light
detection and ranging (LIDAR), and ground measurements—over
typical Southeast Asia forest formations. The performance of
Pol-InSAR inversion is not only assessed primarily at L- and
P-band but also at higher frequencies, namely, X-band. Critical
performance parameters such as the “visibility of the ground”
at L- and P-band as well as temporal decorrelation in short–
time repeat-pass interferometry are discussed and quantitatively
assessed. Inversion performance is validated against LIDAR and
ground measurements over different test sites.
Index Terms—Forest height, polarimetric SAR interferometry
(Pol-InSAR), synthetic aperture radar (SAR), temporal decorre-
lation, tropical forest.
I. INTRODUCTION
T ROPICAL RAIN forest ecosystems are highly complexand heterogeneous in terms of species composition and
structure and are often difficult to access. Today, radar re-
mote sensing is, for many tropical regions, the only regular
available information source. Indeed, Japan Aerospace Explo-
ration Agency’s (JAXA) L-band spaceborne synthetic aperture
radar (SAR) sensors onboard Japan Earth Resources Satellite-1
(JERS-1) [1] and Advanced Land Observing Satellite (ALOS)
[2] demonstrated, in an impressive way, the potential of low-
frequency SAR imaging for mapping and monitoring tropical
forest ecosystems.
Toward a continuous quantitative forest monitoring, informa-
tion about horizontal and vertical structures and/or integrative
forest parameters such as forest biomass is essential. In contrast
to qualitative applications, quantitative approaches by means of
SAR are less developed particularly in tropical environments
due to the limited data availability and the complexity of
such environments. Most of the quantitative approaches are
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developed on temperate and/or boreal test sites where reference
and validation data are easier to collect. The very different
structure of tropical forests makes an offhand generalization not
possible and requires dedicated experiments for development
and validation. Pioneering work based on early airborne SAR
experiments addressed tropical forest biomass classification
and estimation, hence demonstrating the potential of low-
frequency polarimetric SAR (PolSAR) measurements [3], [4].
However, the complexity of radar scattering in forest environ-
ments makes the interpretation and inversion of individual SAR
and PolSAR observables on the basis of empirical, semiem-
pirical, or theoretical models difficult. The establishment of
interferometric SAR (InSAR) techniques for forest monitoring
in the late 1990s triggered the first InSAR experiments in the
tropics that indicated the potential of interferometric observ-
ables at low frequencies for the estimation of vertical structure
parameters [5]–[9].
In the last years, the coherent combination of both inter-
ferometric and polarimetric observations by means of PolSAR
interferometry (Pol-InSAR) was the key for an essential break-
through in quantitative forest-parameter estimation [10], [11].
Indeed, the quantitative-model-based estimation of forest
parameters—based on a single-frequency fully polarimetric
single-baseline configuration—has been successfully demon-
strated at L- and P-band and, more recently, even at X-band.
Several experiments demonstrated the potential of Pol-InSAR
techniques to estimate with high accuracy key forest parameters
like forest height and above-ground forest biomass over a
variety of natural and commercial temperate and boreal test
sites characterized by different stand and terrain conditions.
Validated results for boreal forests at X- and L-band are shown
by [12]. Validated results for temperate forests at X-, L-,
and P-band were presented in [11], [13]–[15]. However, the
performance in tropical forest conditions could not be validated
due to the lack of suitable data.
This lack of actual tropical and subtropical forest Pol-InSAR
data sets including both adequate SAR and ground measure-
ments, and the importance of these forest ecosystems with
respect to a global forest mapping and monitoring was one
of the main drivers for the second Indonesian Airborne Radar
Experiment (INDREX-II) that took place in 2004. The analysis,
inversion, and validation using this unique data set are pre-
sented in this paper. In Section II, the INDREX-II campaign
objectives, test sites, and collected data sets are introduced.
Section III reviews the physical background and the implemen-
tation of Pol-InSAR forest-parameter inversion. In Section IV,
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the key issue of the “visibility” of the ground at L- and P-band
in dense tropical forest conditions is addressed and evaluated.
The accuracy of the obtained forest-height estimates at L- and
P-band is assessed against light detection and ranging (LIDAR)
and ground measurements in Section V. In addition, a con-
strained modification of the conventional Pol-InSAR inversion
scheme adapted to single channel X-band interferometry is
introduced and validated against the LIDAR measurements. In
Section VI, short-time temporal decorrelation effects are quan-
tified. Finally, the obtained results are reviewed and discussed
in Section VII.
II. INDREX-II CAMPAIGN
A. Campaign Objectives
The main objective of the INDREX-II mission was to build
up a unique database of tropical and subtropical test sites with
adequate SAR and ground measurements to support the de-
velopment and validation of bio-/geophysical forest-parameter
inversion techniques from multiparameter SAR data. It was
expected that the data collected in the frame of the campaign
would answer key scientific questions and validate inversion
techniques not only at higher (X- and C-bands) but also mainly
at lower SAR frequencies (L- and P-band).
Regarding Pol-InSAR inversion techniques, the interest was
focused on two main points.
1) The polarimetric diversity of the interferometric coher-
ence and, thus, the information content of the Pol-InSAR
observation space depends—in forest environments—on
the visibility of the ground under the vegetation layer.
This makes the question about the capability of P- or
even L-band to penetrate through dense tropical vegeta-
tion layer of fundamental importance with respect to the
performance of Pol-InSAR techniques in tropical forest
environments.
2) The demonstration and quantitative evaluation of the
Pol-InSAR inversion performance in different tropical
and subtropical forest conditions.
Both points will be addressed, discussed, and analyzed in the
following sections.
B. Test Sites and Ground Measurements
Two main test areas both located on the island of Borneo,
Kalimantan, Indonesia, have been selected for INDREX-II.
The first test site is the Mawas conservation area (latitude:
−2.15◦, longitude: 114.45◦) located in Central Kalimantan in
the vicinity of its capital city Palangkaraya. The second area
is located in East Kalimantan in the vicinity of the city of
Balikpapan (latitude: −1.10◦, longitude: 116.82◦). The two ar-
eas comprise the main broad forest types in Indonesia: lowland
dipterocarp, peat swamp, and mangrove forest, as well as a
variety of the common plantation types such as oil palm and
rubber tree. Eight test sites have been defined, two located in the
Mawas area and six in the Balikpapan area. Our investigations
concentrate on two of the eight test sites that represent typical
forest formations of Southeast Asia like lowland dipterocarp
and peat-swamp forests with disturbed and undisturbed stands
at very different terrain conditions.
1) The Sungai Wain test site is a hilly area with steep
slopes located close to the city of Balikpapan in East
Kalimantan. It is covered by typical lowland dipterocarp
forests with biomass levels up to 400 t/ha and tree heights
up to 60 m. On a large scale, this forest type can be seen
as rather homogeneous, while on a small scale, patches
of different succession stages go along with changes in
height. Large areas were burnt during the El Niño events
of 1982 and 1998. They are now covered with Macaranga,
a secondary forest type.
A 15.4-ha large forest plot was established in the
Sungai Wain dipterocarp forest, with a 540-m length and
286-m width. Within this plot, 26 blocks of 26 × 32 m
(in total, 2.1 ha) have been registered. The catalogue
includes diameter at breast height (DbH) and tree height
measurements for each canopy tree with DbH ≥ 10 cm.
2) The Mawas test site is located in central Kalimantan. It
is, in general, flat including several large (ombrogenous)
peat domes and is covered by tropical peat-swamp forest
types. Forest height varies gradually from relatively tall
(30 m) and dense forests at the edges toward small (15 m
or lower) and open forests at the center of a dome with
biomass levels from 20 to 350 t/ha. Mixed swamp (some
topogenous) and floodplain forests are located along the
river flow. The southern and eastern parts are disturbed by
excessive drainage (through canals) and peat forest fires.
In August 2007, LIDAR measurements were performed with
a swath width of about 300 m along a 22-km-long strip located
in the middle of the SAR swath. The spatial resolution is of
3–4 m, dependent on the amount of returning samples; the pixel
density decreases from the center (nadir) to the corners of the
image. From the LIDAR raw data, forest-height and ground
terrain digital elevation models (DEM) have been processed
[16], [17]. During the three years between the LIDAR and the
radar campaign, changes in the forest caused by tree growth
(on the order of 1–2 m), tree dieback, and human impact may
be an additional error source when comparing LIDAR and radar
measurements to each other.
C. SAR Data
The SAR data acquisitions have been performed with the
German Aerospace Center (DLR)’s experimental airborne SAR
system (E-SAR) in November and December 2004. For each
test site, the following modes have been acquired:
1) one X-band single-pass InSAR acquisition at a single
channel (VV polarization) for DEM generation;
2) two C-band dual-polarization acquisitions (one in the
VH–HH and the other in the HV–VV mode);
3) three L-band quad-polarization acquisitions flown in a
repeat-pass InSAR mode;
4) four P-band quad-polarization acquisitions flown in a
repeat-pass InSAR mode.
The spatial (repeat-pass) baselines at L- and P-bands have been
chosen to cover the same height sensitivity and to allow an
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TABLE I
INDREX-II DATA SETS
optimum inversion performance with respect to the expected
forest conditions.
As INDREX-II was performed at the beginning of the rainy
season, some of the data acquisition flights had to be flown
under windy conditions. Consequently, some of the repeat-
pass acquisitions (i.e., at L- or P-band) particularly in the
Mawas Dome test site have been affected by wind-induced
temporal decorrelation. For this reason, the acquisitions have
been repeated, providing the possibility to analyze temporal
decorrelation effects. Table I provides a summary of the SAR
data sets used in this work. Note that the Mawas Dome data sets
are strongly affected by temporal decorrelation.
III. Pol-InSAR PARAMETER INVERSION
The key observable used in Pol-InSAR applications is the
complex interferometric coherence γ˜ (including both the in-
terferometric correlation coefficient and interferometric phase)
measured/estimated at different polarizations (indicated by the
unitary vector w [10], [11]). γ˜ is given by the normalized
cross correlation of the two SAR images obtained from the
interferometric acquisition s1 and s2
γ˜(w) :=
〈s1(w)s∗2(w)〉√〈s1(w)s∗1(w)〉 〈s2(w)s∗2(w)〉 . (1)
The coherence depends on instrument and acquisition para-
meters as well as on dielectric and structural parameters of
the scatterer. A detailed discussion of system-induced coher-
ence errors can be found in [18]. After the calibration of
system-induced decorrelation contributions and compensation
of spectral decorrelation in azimuth and range, the estimated
interferometric coherence can be decomposed into three main
decorrelation processes [19]
γ˜ := γ˜Temp γSNR γ˜Vol. (2)
1) Temporal decorrelation γ˜Temp can be real (i.e., effecting
the absolute value of γ˜ only) or complex (i.e., biasing the
phase of γ˜). It depends on the structure and the temporal
stability of the scatterer, the temporal baseline of the in-
terferometric acquisition, and the dynamic environmental
processes occurring in the time between the acquisitions.
2) Noise decorrelation γSNR is introduced by the additive
white noise contribution on the received signal [20],
[21]. It affects primarily the scatterers with low (back-)
scattering and is, in general, of secondary importance
when looking at a forest at conventional frequencies.
3) Volume decorrelation γ˜Vol is the decorrelation caused
by the different projection of the vertical component of
the scatterer into the two images s1(w) and s2(w). γ˜Vol
is directly linked to the vertical distribution of scatter-
ers F (z) through a (normalized) Fourier transformation
relationship
γ˜Vol = exp(iκzz0)
hV∫
0
F (z′) exp(iκzz′)dz′
hV∫
0
F (z′)dz′
(3)
where hV is the height of the volume and κz is the effec-
tive vertical (interferometric) wavenumber that depends
on the imaging geometry and the radar wavelength λ
κz =
κΔθ
sin(θ0)
κ = n
2π
λ
(4)
and Δθ is the incidence angle difference between the two
interferometric images induced by the baseline. z0 is a
reference height, and ϕ0 = κzz0 is the corresponding in-
terferometric phase. For monostatic acquisitions, as flown
in INDREX-II, n := 2, while for bistatic acquisitions,
n := 1. Accordingly, γ˜Vol contains the information about
the vertical structure of the scatterer and is therefore the
key observable for quantitative forest-parameter estima-
tion [10], [11].
The estimation of vertical forest structure parameters from
interferometric measurements can be addressed as a two-step
process: In the first step (modeling), F (z) is parameterized
in terms of a limited set of physical forest parameters that
are related through (3) to the interferometric coherence. In
the second step (inversion), the volume contribution of the
measured interferometric coherence is then used to estimate
F (z) and to derive the corresponding parameters. A widely
and successfully used model for F (z) is the so-called random
volume over ground (RVoG), a two-layer model consisting of a
volume and a ground layer [22], which can be described as
F (z) = m˜V e
(
2σ
cos(θ0)
z
)
+ mG e
(
2σ
cos(θ0)
hV
)
δ(z − z0) (5)
where mV and mG are the ground and volume scattering
amplitudes and σ is a mean extinction coefficient. Equation (5)
leads to
γ˜Vol = exp(iκzz0)
γ˜V 0 + m
1 + m
. (6)
The phase ϕ0 = κzz0 is related to the ground topogra-
phy z0, and m is the effective ground-to-volume ampli-
tude ratio accounting for the attenuation through the volume
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m = mG/(mV I0). γ˜V 0 is the volume decorrelation caused by
the vegetation layer only, given by
γ˜V 0 = exp(iκzz0)
hV∫
0
exp(iκzz′) exp
(
2σz′
cos θ0
)
dz′
hV∫
0
exp
(
2σz′
cos θ0
)
dz′
. (7)
Neglecting temporal decorrelation and assuming a sufficient
calibration/compensation of system- (e.g., SNR) and geometry-
(range/azimuth spectral shift) induced decorrelation contribu-
tions, (6) can be inverted in terms of a quad-polarization
single-baseline acquisition [11], [13], [23], [24]. Assuming no
response from the ground in one polarization channel (i.e.,
m3 = 0), the inversion problem has a unique solution and is
balanced with five real unknowns (hV , σ,m1−2, ϕ0) and three
measured complex coherences [γ˜(w1) γ˜(w2) γ˜(w3)] each
for any independent polarization channel [23]
min
hV ,σ,mi,φ0
∥∥∥∥
[
ρ ρ ρ
γ˜(w1) γ˜(w2) γ˜(w3)
]T
− [ γ˜Vol(hV , σ,m1) γ˜Vol(hV , σ,m2) γ˜V 0 exp(iφ0) ]T
∥∥∥∥. (8)
Equation (8) is used to invert INDREX-II data sets at L- and
P-band. The same regularization (m3 = 0) has been used at
L-band as well as at P-band. Because of the dense vegetation
layer, a modified regularization at P-band is not required. Note
that the assumption for no ground response is not necessarily
linked to the HV channel.
IV. EFFECT OF THE GROUND
Starting with the first scientific question expected to be
answered from INDREX-II, the visibility of the ground is inves-
tigated. The investigation is focused on the densest vegetated
test site, the Sungai Wain test site covered by dense lowland
dipterocarp forests with individual tree heights up to 60 m
and a mean biomass level up to 400 t/ha. A secondary low-
vegetation layer located on the ground additionally increases
the attenuation of any ground-scattering component. However,
the hilly terrain of the site can be used to evaluate the terrain
dependence of the individual parameters and conclude on the
visibility of the ground.
The strong polarized behavior of ground scattering (includ-
ing direct ground and/or dihedral scattering) combined with
the directivity of the dihedral scattering component make the
type and amount of ground scattering strongly dependent on
the terrain slope in range direction. This supports the idea of
“seeing” the ground through the modulation of the polarimetric
signature by the terrain slope in the Sungai Wain data set.
Fig. 1 shows the 2-D histogram of the polarimetric alpha
angle [25] that characterizes the nature of the polarimetric scat-
tering process as a function of the terrain range slope at L- (top)
and P-band (bottom). Positive slopes indicate an inclination
toward the radar, while negative slopes indicate inclinations
away from the radar. In both cases, the alpha angles are around
Fig. 1. Polarimetric alpha-angle histogram as a function of range terrain
slopes at (top) L- and (bottom) P-band.
50◦ that, combined with the high polarimetric entropy levels
obtained, indicates a dominant volume scattering component.
The absence of any slope dependence at L-band as well as at
P-band can be seen as an indicator for the absence of a ground-
scattering component signature.
A far more sensitive indicator for the visibility of the ground
is the location of the scattering phase center estimated in the
interferogram. According to (6), the location of the interfero-
metric phase center within the vegetation layer depends on the
ground-scattering amplitude. Larger ground-to-volume ampli-
tude ratio m values correspond to stronger ground-scattering
amplitudes and move the phase center toward the ground
and vice versa. The polarization dependence of m relates the
variance of the interferometric phase center as a function of
polarization directly to the variance of the amplitude of the
ground-scattering component. In order to illustrate this, Fig. 2
shows the coherence region of the interferometric coherence
[28]–[30] as a gray cloud of coherence loci plotted on the
unit circle for a stand within the Sungai Wain site at L- (top)
and P-band (bottom). The coherence region is defined as the
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Fig. 2. Coherence region at (top) L- and (bottom) P-band for the same forest
stand (Sungai Wein test site).
region that includes the loci of the (complex) interferometric
coherences obtained for all polarizations [31]. Consequently,
the angle δ that corresponds to the maximum variation of the
phase center with polarization is a sensitive indicator for the
amount of ground scattering visible. In the case of an increased
attenuation of the ground-scattering component, the coherence
region shrinks and becomes a point in the limit. In this case,
δ = 0. Of course, one has to account for the variance of the
amplitude and, primarily, the phase of γ˜(wi) induced by the
nonunity coherence using a sufficient large number of looks
when estimating γ˜(wi). In the case of Fig. 2, 81 independent
looks have been used. In order to make a direct comparison
possible, the stand is located on flat terrain and has a similar
wavenumber at both frequencies. The variation of the inter-
ferometric phase at L-band in Fig. 2 shows the visibility of
a polarized ground-scattering component under the vegetation
layer. The phase difference is on the order of 22◦ corresponding
to 9.5 m. At P-band, the height difference between the phase
centers is larger, about 43◦ corresponding to 13.5 m, indicat-
ing a stronger ground-scattering component at P-band than at
L-band. Note that a polarization-dependent propagation through
the volume layer caused by orientation effects in the vegetation
structure and expressed by a polarization-dependent extinction
coefficient in (7) can also introduce a variance of the phase
center with polarization. However, this is rather unusual for
dense forest vegetation at L-band but also at P-band.
Fig. 3 shows the 2-D histogram of the δ angle (scaled by
using the vertical wavenumber in meters) as a function of ter-
rain range slope obtained at L- (top) and P-band (bottom). The
height difference decreases monotonically at both frequencies
as the range slope decreases, indicating the expected stronger
Fig. 3. Phase center height difference (maximum) histogram as a function of
range terrain slopes at (top) L- and (bottom) P-band.
ground response at higher (i.e., positive) slopes and, thus, the
visibility of the ground at L- and P-bands across the whole
site. Positive slopes are tilted toward the radar while negative
slopes are tilted away from the radar. The height difference
is, as expected, larger at P-band than at L-band through the
whole range of slopes, indicating the visibility of a stronger
ground component in P-band compared to L-band. Because
there is no reason that orientation effects in vegetation are
correlated to terrain slope, Fig. 3 is a direct proof for the
visibility of the ground at both frequencies in dense tropical
forest environments.
V. INVERSION RESULTS
Forest height was estimated and validated against the ground
measurements for both test sites: the Mawas peat-swamp forest
(i.e., Mawas River test site) and the Sungai Wain lowland
dipterocarp forest. As the reference height for validation, the so-
called “H100” from forest measurements [32] was used, which
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Fig. 4. Sungai Wain test site. (Left) L-band HH amplitude image (grayscale)
near range left side. (Right) DEM calculated from X-band data (black = 50 m,
white = 180 m AMSL) 3.5 × 6.5 km.
is defined as the mean height of the 100 highest trees per hectare
[33]. H100 is a forestry standard canopy top height measure and
corresponds quite well to radar forest-height estimates, as it is
calculated out of the trees forming the canopy, i.e., the height
of the volume.
For the Sungai Wain test site, the ground measurements
where converted to H100 values for each block individually.
In the Mawas test site, the H100 has been obtained from the
LIDAR data by taking the maximum value of a 10 × 10 m
window (corresponding to 1/100 of a hectare) [33], [34].
A. Sungai Wain Test Site
Fig. 4, on the left, shows an L-band HH amplitude image of
the Sungai Wain scene while, on the right, the X-band DEM
is shown. The scene is completely covered with forest situated
in hilly terrain with steep slopes (up to 30◦). Variations in the
amplitude are only due to changes in topography. For accurate
inversion, the estimation of incidence angle and interferometric
baseline needs to account for the topographic variation. In
addition, terrain adaptive range spectral filtering using the low-
pass filtered X-band InSAR DEM has been applied, on the price
of a variable spatial range resolution across the image.
The measured forest heights (H100) are ranging from 20 up
to 40 m, whereas most of the plots have heights between 24 and
28 m as shown by the blue histogram in Figs. 5 and 6.
The normalized histograms of the heights obtained at L- and
P-bands over the whole plot of 200 × 500 m are shown in red in
Figs. 5 and 6, respectively. The L-band height estimates range
Fig. 5. Forest-height histograms. (Blue) Ground measured heights.
(Red) Pol-InSAR height estimates at L-band (Sungai Wain test site).
Fig. 6. Forest-height histograms. (Blue) Ground measured heights.
(Red) Pol-InSAR height estimates at P-band (Sungai Wain test site).
from 15 to 45 m with a mean forest height of about 28 m. At
P-band, the obtained results range from 13 to 43 m with a
similar mean of about 26 m. Overestimation (i.e., estimated
heights above 45 m) appears as a consequence of temporal
or other uncompensated decorrelation contributions. This can
be due to remaining SNR and processing decorrelation contri-
butions. In particular, accurate image coregistration becomes
challenging in sloped terrain and low coherence levels. At both
frequencies, the radar estimates cover the same range of heights
and have a similar height distribution and a mean value better
than 10% of the mean given by the ground measurements
(i.e., 27 m, see blue histogram in Figs. 5 and 6). The maxima
and minima diverge on the order of 5 m, probably due to an
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
HAJNSEK et al.: FOREST-PARAMETER ESTIMATION BY MEANS OF Pol-InSAR: INDREX-II CAMPAIGN 7
Fig. 7. Mawas River test site. (Left) (grayscale; near range: Left) P-band
amplitude image with (color) LIDAR H100 measurements. (Right) P-band
forest-height map, combination of four baselines, scaled from 0 to 50 m (region
larger than 50 m are white). 3.5 × 6.5 km.
insufficient number of ground measurement samples. It appears
that P-band is able to resolve the bimodal height distribution
(see Fig. 6) as measured on the ground while L-band is able
to resolve only the envelope distribution (see Fig. 5). As the
spatial resolution and the vertical wavenumber are almost the
same for both frequencies, and furthermore, the interferometric
coherence levels are comparable, the reason can be a higher
sensitivity of L-band to temporal decorrelation effects that lead
to a reduced estimation accuracy.
B. Mawas River Test Site
The amplitude image of the P-band HH channel for the
Mawas River test site is shown in Fig. 7 (left). The amplitude
image already indicates the terrain flatness. The transition from
the burned area located on the top of the image to the forested
area covering 2/3 of the image is characterized partly by low
(up to 2 m) secondary shrublike vegetation and, particularly at
the edge of the forest, by patches of heavily disturbed forest.
The river crosses the upper part of the image embedded in a
secondary riverine forest. The LIDAR strip is superimposed on
the amplitude image. Forest height along the LIDAR strip is
constant within ±5 m around 27 m with lower heights in the
parts close to the river and the disturbed forest areas. The terrain
rises from the middle to the right part of the image toward the
peat dome (covered by the relevant forest part) from 20 to 25 m
above mean sea level (AMSL) in height while the area around
the river has a constant height of 17.5 m AMSL.
Fig. 8. Pol-InSAR height estimates at L-band versus LIDAR H100 validation
plot for the Mawas River test site (100 samples).
Forest heights were estimated at L- and P-bands using a
multiple-baseline inversion approach. The reason for this is in
the E-SAR acquisition geometry at L- and P-bands where the
radar look angle changes from near to far range from 25◦ to 55◦
[35]. This variation of the look angle goes along with a change
of baseline (up to a factor of four), implying an inversion
performance that varies along range. An optimum inversion
performance across the whole range can then be achieved by
combining the optimum range of multiple baselines. Accord-
ingly, regions with low inversion performance caused by too
high or too low volume sensitivity characterized by a vertical
wavenumber larger than 0.20 or smaller than 0.05 are masked
out for each individual baseline. Also, areas with a coherence
lower than 0.3 are masked. The valid areas of each baseline
are then combined together toward a single height image. In
the case of two valid height estimates, a weighted height is
used, reducing, in these areas, errors caused by nonsystematic
uncompensated decorrelation contributions [23], [24].
Results were validated against the H100 derived from the
LIDAR data. For this, the LIDAR H100 strip was divided into
100 subplots, and for each plot, the mean H100 is validated
against the corresponding mean forest height as obtained from
the Pol-InSAR inversion.
An L-band Pol-InSAR height map was obtained by combin-
ing height estimates from three baselines (5, 10, and 15 m). The
comparison against the LIDAR H100 is shown in Fig. 8: with an
r2 of 0.91 and an RMSE of 1.97 m, for a height range from 5 to
28 m, indicating an estimation accuracy better than 10% which
lies within the estimation accuracy of the LIDAR H100 set.
The P-band Pol-InSAR height map has been obtained by
combining height estimates from four baselines (15, 30, 30, and
40 m) and is shown on the right of Fig. 7. The black dots in
the near range are masked according to the wavenumber and
coherence criteria discussed previously. In the forested part,
the logging trails caused by logging activities 10–15 years ago
appear clearly. For validation, two independent 30-m baselines
formed by four different tracks (first baseline using track 1402
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Fig. 9. Pol-InSAR height estimates at P-band versus LIDAR H100 validation
plot for the Mawas River test site (100 samples, tracks 1402 and 1408).
Fig. 10. Pol-InSAR height estimates at P-band versus LIDAR H100 valida-
tion plot for the Mawas River test site (100 samples, tracks 1405 and 1411).
and 1408, second baseline using track 1405 and 1411) were
used. In this case, a single baseline is sufficient as the optimum
performance region for both baselines covers the whole LIDAR
strip. Figs. 9 and 10 show the corresponding validation plots:
The correlation coefficient with an r2 of 0.94 for both baselines
is quite high, and the RMSE is 1.73 m for the first and 1.74 m
for the second baseline clearly below 2 m, hence showing an
estimation accuracy better than 10% of the mean forest height.
Clearly, the estimation performance is within the LIDAR esti-
mation performance used as reference. Individual single points
located particularly in the higher forest region tend to be over-
estimated probably due to uncompensated decorrelation effects.
The comparison of the heights obtained from the two 30-m
baselines is shown in Fig. 11 and is characterized by an r2 of
0.94 and an RMSE of 1.28 m for a height range from 5 to 28 m,
Fig. 11. Pol-InSAR height estimates at P-band (tracks 1405 and 1411) versus
Pol-InSAR height estimates at P-band (tracks 1402 and 1408) for the Mawas
River test site (3000 samples).
Fig. 12. Pol-InSAR height estimates at P-band (all tracks) versus Pol-InSAR
height estimates at L-band (all scenes) for the Mawas River test site (3000
samples).
indicating the high consistency in the obtained results. The
differences may be caused by the different amount of temporal
decorrelation in the individual interferograms. The comparison
was performed over 3000 samples distributed over the whole
optimum performance region.
Compared to P-band, the L-band estimates (see Fig. 8)
appear slightly noisier. This is because L-band is more affected
by temporal decorrelation (see Section VI). The comparison
of the L-band against the P-band estimates shown in Fig. 12
is based on the forest-height maps obtained by combining all
available baselines (i.e., the 15-, 30-, 30-, and 40-m baselines
at P-band and the 5-, 10-, and 15-m baselines at L-band) in
order to obtain a performance comparison over 3000 samples
distributed over the whole image: The obtained r2 of 0.94 and
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Fig. 13. InSAR height estimates (9) at X-band versus LIDAR H100 validation
plot for the Mawas River test site (100 samples).
an RMSE of 1.42 m manifest the consistency of the obtained
estimates, indicating the validity of the physical structure
underlying the Pol-InSAR inversion process. Divergences on
the order of 2–3 m can be due to the variance introduced by
temporal decorrelation and/or geolocation inaccuracy when
transforming the P-band results to the L-band geometry.
In contrast to L- and P-band, X-band interferometry was
performed in a single-pass mode. Consequently, the X-band
interferometric coherence estimates are unaffected by temporal
decorrelation. However, the availability of a single X-band
channel (VV polarization) only makes the inversion of (6)
by means of (8) not possible. A solution can be enforced by
simplifying F (z) and/or making use of a priori information. At
higher frequencies, the vegetation extinction increases, attenu-
ating more and more the strongly polarized ground-scattering
contribution. One obvious approximation toward a simplified
single-channel inversion scenario is to discard the ground-
scattering component [assuming that m = 0 in (6)]. In this
case, the single-channel interferometric inversion problem has
three unknowns (i.e., height, extinction, and topographic phase)
and only one (complex) observable. Using the ground phase
obtained from the LIDAR ground DEM, it is then possible to
obtain a balanced inversion problem
min
hV ,σ0
‖γ˜(w)− γ˜V (hV , σ|φ0 = φDEM)‖ . (9)
Equation (9) can be inverted by a single interferometric channel
providing forest-height estimates.
Similar to the L- and P-band validation, the LIDAR H100
strip was divided into 100 subplots. For each of the subplots, the
mean H100 is used to validate the corresponding mean forest
height as obtained from the X-band inversion. The validation
plot is shown in Fig. 13. An r2 of 0.94 and an RMSE of 1.77 m
for a height range of 5–29 m prove a surprisingly good esti-
mation performance at X-band. The estimated extinction values
range from 0.1 up to 0.9 dB/m with a mean value on the order of
0.3 dB/m.
Fig. 14. InSAR phase center height at X-band versus LIDAR H100 validation
plot for the Mawas River test site (100 samples).
One has to keep in mind that (6) assumes a homogeneous
vegetation layer. Volume inhomogeneities that introduce an
additional variation of the phase center, for example, in the
case of sparse forests with high single tree extinction (i.e., at
higher frequencies), can bias the estimated volume coherence
by an additional decorrelation term that corresponds to the
“forest topography” variation within the estimation window.
However, the fact that the obtained inversion results are not
biased indicates that, at least for the Mawas case, the introduced
bias is of secondary importance.
In Fig. 14, the height of the scattering center at X-band is
plotted against the LIDAR H100 height: The comparison of
the estimated phase centers with the ground makes it obvious
that the scattering center of X-band is located clearly below
the forest canopy. The RMSE of 9 m corresponds to the mean
penetration depth into vegetation at X-band, indicating a higher
estimation variance compared to forest top height (H100).
The r2 of 0.87 is lower than the corresponding r2 of 0.94
obtained from the height estimates of (9). This is a significant
result indicating the systematic error that underlies height-
estimation approaches based on the assumption that the X-band
phase center is located on the top of the canopy [5], [26],
[27]. On the other hand, it indicates the potential of Pol-InSAR
inversion schemes.
In the absence of an external ground DEM, an alternative
way to enforce a balanced inversion problem is to fix the
extinction value. Ignoring the ground phase, by considering the
absolute values only, a single parameter inversion problem is
obtained
min
hV
‖ |γ˜(w)| − |γ˜V (hV , φ0|σ = σ0)| ‖ . (10)
Inversion has been performed using different extinction val-
ues; the best performance has been obtained for extinction
around 0.3 dB/m that corresponds to the mean extinction value
obtained from (9). Fig. 15 shows the validation plot for the for-
est-height estimates obtained by applying (10) and assuming an
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Fig. 15. InSAR height estimates (10) at X-band versus LIDAR H100 valida-
tion plot for the Mawas River test site (100 samples).
extinction of 0.3 dB/m. The r2 of 0.52 and an RMSE of 4.24 m
indicate a clearly inferior performance when compared to the
inversion results obtained by means of (9). This is a direct
consequence of the strong variation of the extinction value
across the forest: An underestimation of the real extinction
leads to overestimated forest heights and vice versa. Looking
at Fig. 15, one sees that, particularly in the middle and lower
forest parts, the height is overestimated due to the underesti-
mation of extinction. Finally, under the assumption that both
ground topography or extinction level are known, a height
inversion independent of the ground-to-volume ratio becomes
theoretically possible. However, also in this case, the varia-
tion of the extinction value across the forest will limit the
performance.
VI. TEMPORAL DECORRELATION
The quantification of temporal decorrelation in repeat-
pass interferograms is discussed next based on the data sets
acquired over the Mawas Dome test site that, in contrast to
the Mawas River data sets discussed in the previous section,
are significantly affected by temporal decorrelation. The most
common temporal decorrelation effect over a forested terrain
is the wind-induced movement of scatterers within the canopy
layer, for example, leaves, branches, etc. In terms of the RVoG
model, this corresponds to a change in the position of the
scattering particles within the volume. However, in this case,
the scattering amplitudes as well as the propagation properties
of the volume remain the same. Assuming further that the scat-
tering properties of the ground do not change, the RVoG model
with temporal decorrelation in the volume component becomes
[23], [36]
γ˜Vol(w) = exp(iκzz0)
γTempγ˜V 0 + m(w)
1 + m(w)
(11)
where γTemp denotes the correlation coefficient describing the
temporal decorrelation of the volume scatterer. Inversion of for-
est height by means of (11) without accounting or compensat-
ing for γTemp leads to overestimated results [10]. In the special
case of a zero spatial baseline interferogram (i.e., κz = 0 and
γ˜V 0 = 1), γTemp and γ˜V 0 can be separated from each other
γ˜Vol(w) =
γTemp + m(w)
1 + m(w)
. (12)
However, in a general case of nonzero spatial baselines, the two
contributions are superimposed and cannot be separated from
each other on a single-baseline basis and/or without a priori
information.
One way to obtain sensible estimates for γTemp at L- or
P-band is to make use of the forest heights obtained by
the X-band inversion hXV as derived by means of (10). The
X-band forest-height estimates can be used to approximate the
volume decorrelation contributions |γ˜LVol(HV )| at L- or P-band.
However, this is not offhand possible and requires additional
assumptions. Constraining the analysis to the HV channels, one
can assume zero ground scattering (m(HV ) = 0). Assuming
further a zero extinction (i.e., σL = 0), (7) becomes
∣∣γ˜LVol(HV )∣∣ = ∣∣γ˜LV 0(HV )∣∣ = sinc κ
L
z hV
2
. (13)
Having an estimate of the (absolute) volume decorrelation
contribution at HV permits now to estimate the temporal
decorrelation contribution at L- or P- band
γTemp = |γ˜(HV )| /
∣∣γ˜LV 0(HV )∣∣ . (14)
Equation (14) has been finally used to estimate the temporal
decorrelation in two L-band and one P-band wind-affected
repeat-pass interferograms. The temporal baseline for all three
interferograms is on the order of 40 min. A relative homo-
geneous area of about 1000 × 1000 m has been selected
in order to reduce the impact of forest inhomogeneity. An
X-band amplitude image of the selected area is shown in the top
figure of Fig. 16, demonstrating the homogeneity of the forest.
The estimated γTemp maps are shown below in Fig. 16. The
decorrelation patterns do not correlate with the forest structure
and change from interferogram to interferogram; the wisplike
decorrelation patterns are typical for wind-induced decorrela-
tion. The corresponding histograms are shown in Fig. 17. At
L-band, γTemp is about 0.89 for the first interferogram and 0.85
for the second, while at P-band, γTemp is, as expected, higher
and about 0.93.
Note that a potential underestimation of the forest height by
using (14) (caused, for example, by saturation) will bias the
volume decorrelation estimation and lead to an underestimation
of the temporal decorrelation. On the contrary, an overestima-
tion of the forest height (due to an underestimated extinction)
will lead to an overestimation of the temporal decorrelation or
even to ratios larger than one. The localized high decorrelation
“points” visible at L-band and even more at P-band are due to
single large trees that are underestimated when inverting the
X-band coherence, leading therefore to high temporal decorre-
lation regions.
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
HAJNSEK et al.: FOREST-PARAMETER ESTIMATION BY MEANS OF Pol-InSAR: INDREX-II CAMPAIGN 11
Fig. 16. (Top; grayscale) Amplitude and (middle two) estimated temporal
decorrelation images at L- and (bottom) P-band for the Mawas Dome test site
scaled from black: γTemp = 0 to white: γTemp = 1. 1000× 1000 m.
VII. DISCUSSION AND CONCLUSION
In this paper, the analysis, inversion, and validation of Pol-
InSAR data collected in the frame of the INDREX-II campaign
Fig. 17. Histograms of estimated temporal decorrealtion, (Solid and dashed
lines with a mean of 0.89 and 0.85 respectively) at L-band and (dotted line with
a mean of 0.93) at P-band for temporal baselines on the order of 40 min at
Mawas Dome test site.
have been addressed and discussed. From the six INDREX-II
test sites, the two most important in terms of available ground
measurements and forest conditions have been selected for the
investigations presented. The selected test sites include typical
(disturbed and undisturbed) forest formations of Southeast Asia
like dense lowland dipterocarp and peat-swamp forests which
are the most important regional forest types.
First, the question about the visibility of the ground was
faced. The polarimetric and interferometric analysis of the
Sungai Wain data in Section IV demonstrated clearly the ca-
pability of both frequencies, L- and P-band, to penetrate until
the ground through dense dipterocarp forests, with individual
tree heights up to 60 m and local biomass levels even beyond
600 t/ha. This is a significant result toward the implementation
of a low-frequency spaceborne SAR observation system.
The forest-height inversion performance has been assessed
in Section V. In the case of the Sungai Wain test site, the
Pol-InSAR estimates have been validated against H100 values
estimated from the ground measurements. For forest heights
ranging from 15 up to 45 m, the L- and P-band estimates where
within 10% accuracy, even in hilly terrain. For the Mawas River
test site, the validation was done against the LIDAR-derived
H100. For forest heights ranging from 5 to 27 m, L-band
estimates where characterized by an r2 of 0.91 with an RMSE
of 1.97 m, while the best P-band estimates show an r2 of 0.94
with an RMSE of 1.74 m. The overall estimation accuracy for
both test sites was better than 10% for both frequencies. The
key limiting factor in estimation accuracy appears to be the un-
compensated nonvolumetric decorrelation effects, particularly
temporal decorrelation.
A key element in the quantitative assessment of temporal
decorrelation was the single-pass single-channel (VV) X-band
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data set. In a first step, a modification of the conventional
Pol-InSAR forest-height inversion scheme has been proposed,
adapted to the single-channel X-band interferometric observa-
tion space. The neglect of the ground-scattering component and
the use of an external (LIDAR-derived) ground DEM allowed
us to obtain sensitive height estimates and to validate them
against the LIDAR measurements for the Mawas River test
site. In the less-dense peat-swamp forest, X-band is able to
penetrate until the ground, providing estimates characterized
by surprisingly high r2 values on the order of 0.94 with an
RMSE of 1.77 m. This is a strong indication for the potential
Pol-InSAR performance expected in the absence of temporal
decorrelation. The generalization of the X-band performance
is however critical as the visibility of the ground required
for unbiased inversion gets lost when going to denser forest
conditions. Nevertheless, keeping in mind the high-resolution
single-pass X-band Pol-InSAR spaceborne configuration of
TanDEM-X [37] scheduled for launch in 2009, the results
become significant, particularly with respect to the wall-to-wall
mapping of less-dense forest ecosystems as the boreal ones.
In a second step, in Section VI, the X-band height estimates
have been used to assess the amount of temporal decorrelation
at L- and P-band. Looking at temporal baselines of about
40 min, the obtained results indicate, as expected, a higher tem-
poral stability at P-band (with temporal decorrelation on the or-
der of 0.93) than at L-band (with temporal decorrelation on the
order of 0.85–0.89). However, the decorrelation levels are, at
both frequencies, sufficient to cause—if not compensated—an
overestimation on the order of 30%–40% depending on the
actual forest-height level.
In closing, it is important to make clear that the results
achieved up to now and the conclusions drawn from the evalu-
ation of this unique data, set point out the scientific importance
of challenging and successful campaigns such as INDREX-II.
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Quantification of Temporal Decorrelation Effects
at L-Band for Polarimetric SAR Interferometry
Applications
Seung-Kuk Lee, Florian Kugler, Konstantinos P. Papathanassiou, Senior Member, IEEE, and
Irena Hajnsek, Member, IEEE
Abstract—Temporal decorrelation is the most critical issue for
the successful inversion of polarimetric SAR interferometry (Pol-
InSAR) data acquired in an interferometric repeat-pass mode, typ-
ical for satellite or lower frequency airborne SAR systems. This
paper provides a quantitative estimation of temporal decorrelation
effects at L-band for a wide range of temporal baselines based on
a unique set of multibaseline Pol-InSAR data. A new methodology
that allows to quantify individual temporal decorrelation compo-
nents has been developed and applied. Temporal decorrelation co-
efficients are estimated for temporal baselines ranging from 10min
to 54 days and converted to height inversion errors caused by them.
The temporal decorrelations of (volume temporal decorrela-
tion) and (ground temporal decorrelation) depend not only
on the wind-induced movement but also strongly on the rain-in-
duced dielectric changes in volume and on the ground at temporal
baseline on the order of day or longer. At temporal baselines on
the order of minutes, the wind speed is a critical parameter and the
speed of 2m/s already hampers the application of Pol-InSAR forest
parameter inversion. The approach is supported and validated by
using L-band E-SAR repeat-pass data acquired in the frame of
three dedicated campaigns, BioSAR 2007, TempoSAR 2008, and
TempoSAR 2009.
Index Terms—Height inversion, polarimetric synthetic aperture
radar interferometry (Pol-InSAR), temporal baseline, temporal
decorrelation.
I. INTRODUCTION
P OLARIMETRIC synthetic aperture radar interferometry(Pol-InSAR) has been developed to a powerful technique
for quantitative forest applications. The Pol-InSAR technique is
based on the combination of two important SARmeasurements:
interferometry and polarimetry. Interferometric SAR (InSAR)
is sensitive to the vertical structure of volume scatterers as forest
and allows to estimate accurately the vertical position of the
scattering center. Polarimetric SAR (PolSAR) is able to identify
shape, orientation and dielectric properties of scatters allowing
the understanding of scattering mechanisms. In [1], the coherent
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combination of the two techniques was first introduced to pro-
vide the separation and the identification of different scattering
contributions within the resolution cell. In the last decade, a va-
riety of quantitative models for the estimation of forest parame-
ters from Pol-InSAR data, as the Random Volume over Ground
(RVoG) model, have been developed and successfully validated
over a variety of forest test sites [2]–[5].
The key observable used in Pol-InSAR application is the
complex interferometric coherence estimated at different polar-
izations. The interferometric coherence depends on instrument
and acquisition parameters as well as on dielectric and structural
parameters of the scatterer. The total interferometric coherence
can be decomposed into several decorrelation processes [6], [7]:
System induced noise decorrelation, temporal decorrelation,
volume decorrelation and so on. To invert forest parameters
by means of Pol-InSAR technique, volume decorrelation
must be separated from other decorrelation contributions be-
cause the RVoG model only considers the volume decorrelation
contribution of the interferometric coherence ignoring other
decorrelation contributions. Uncompensated nonvolumetric
decorrelation contributions lower the interferometric coherence,
and increase the variation of the interferometric phase leading to
a biased and less accurate parameter estimation performance. In
repeat-pass air- or spaceborne InSAR configurations, the most
critical nonvolumetric decorrelation contribution is the temporal
decorrelation caused by the change of the geometric and/or
dielectric properties of the scatterers within the scene occurring
in the time between the two acquisitions.
In previous studies, temporal decorrelation was modeled
assuming only changes in the position of the scatterers. If the
motion of the scatterers is characterized by a Gaussian-statistic
an exponential temporal decorrelation model is derived [7].
This model was first validated using L-band SEASAT data.
The exponential model was extended by a Brownian motion
[8]. The Brownian motion implies an exponential decay of the
temporal decorrelation with time. However, the temporal decor-
relation in forest at small temporal baselines (i.e., shorter than
an hour) is mainly caused by wind-induced motion making the
Brownian motion inadequate to model temporal decorrelation
at these temporal baseline scales [16]. More recently, a physical
model of temporal decorrelation was proposed assuming a
variable Gaussian motion along the vertical direction of forests
[15]. This model was validated at L-band using zero spatial
baseline and 40-min temporal baseline data acquired by the
JPL’s UAVSAR system.
However, all temporal decorrelation models proposed the as-
sumption that the dielectric properties of the scatterers remain
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unchanged between the two acquisitions. At long temporal base-
lines (i.e., longer than a day), temporal decorrelation may be
also caused by the change of dielectric properties due to envi-
ronmental and weather effects.
There are different approaches to assess the impact of
temporal decorrelation on the Pol-InSAR forest height inver-
sion. The RVoG with Volume Temporal Decorrelation (RVoG
VTD) model was introduced in [9], [4] incorporating a temporal
decorrelation component into the two-layer (volume/ground)
scattering model. The inversion results in the presence of
temporal decorrelation (2 day) demonstrated that forest height
inversion without accounting or compensating for temporal
decorrelation leads to significantly overestimated heights [9].
In [5], the quantification of temporal decorrelation in L- and
P-band repeat-pass interferograms was discussed in the con-
text of the INDREX-II data sets acquired with about 40-min
temporal baseline assuming that the scattering properties of the
ground do not change in that time. For the special case of a
zero (spatial) baseline interferogram, temporal decorrelations
at L- and P-band are separated from volume decorrelation.
The obtained results in homogenous forest area indicated, as
expected, a lower temporal stability for higher frequencies,
and that patterns of wind-induced temporal decorrelation do
not correlate with forest structure and may change from inter-
ferogram to interferogram even if they are acquired with the
same temporal baseline (i.e., 40 min). While this method can
provide an estimation of temporal decorrelation, the impact of
temporal decorrelation on Pol-InSAR forest height inversion
cannot be directly addressed due to the absence of volume
decorrelation .
This paper focuses on a quantitative analysis of temporal
decorrelation on Pol-InSAR inversion performance at L-band
as a function of temporal baseline based on multitemporal and
multispatial airborne experimental data acquired in the frame of
three dedicated airborne SAR experiments. Different temporal
decorrelation coefficients for volume and the ground scattering
are incorporated into RVoGmodel. Both deteriorate the interfer-
ometric coherence on different time scales. By using the exper-
imental data, the decorrelation contributions are separated from
each other even for nonzero spatial baselines. The behavior of
both temporal decorrelations and their impact on forest height
inversion performance is analyzed and discussed as a function
of time.
To investigate the analysis of temporal decorrelation in time,
three dedicated airborne SAR campaigns (BioSAR 2007, Tem-
poSAR 2008 and TempoSAR 2009) carried out over boreal and
temperate forest sites by DLR’s airborne Experimental SAR
system, E-SAR [11] are investigated. During the campaigns,
DLR’s E-SAR system collected fully polarimetric and repeat-
pass interferometric SAR data on a variety of temporal and spa-
tial baselines. Section II of this paper will introduce the RVoG
model with two temporal decorrelation parameters and show
simulation results of their impact on forest height inversion per-
formance. The airborne campaigns are described including test
sites and Pol-InSAR data sets in Section III. In Section IV, the
impact of temporal decorrelation on Pol-InSAR inversion per-
formance is discussed and validated by real airborne experi-
mental data at temporal baselines on the order of 10 min to
54 d. Finally, the obtained results are reviewed and discussed
in Section VI.
II. TEMPORAL DECORRELATION IN POL-INSAR
Quantitative estimation of forest parameters has been suc-
cessfully performed by using a two-layer model, the so-called
Random Volume over Ground (RVoG) model [3]–[5]. The
RVoG model consists of a volume layer containing randomly
oriented scatterers and an impenetrable ground layer. The
interferometric coherence is directly linked to the vertical
distribution of scatterers through a (normalized) Fourier trans-
formation relationship [1]–[3]. Accordingly, the ground layer
is modeled by the Dirac delta function located at interface be-
tween the two media. After range filtering [6] and compensation
of system induced noise decorrelation [10], the interferometric
coherence at the ground layer becomes unity and the phase
center in the vertical direction (z) is located on the ground
(1)
is the effective vertical (interferometric) wavenumber and
the phase is related to the ground topography. Dif-
ferently than the surface scattering, the volume layer is charac-
terized by an extended distribution of scatterers. In the simplest
case, the vertical distribution of scatterers in volume is assumed
to be an exponential function defined by a mean extinction co-
efficient expressing both scattering and absorption losses. Ac-
cordingly the interferometric coherence for the volume is given
as [3]–[5]
(2)
Combining surface and volume scatterings, the coherence for
the RVoG model is obtained as [4], [5]
(3)
where is the effective surface-to-volume scattering ampli-
tude ratio accounting for the attenuation through the volume.
The coherences at different polarizations vary only due
to the variation of the ground-to-volume amplitude ratio with
polarization. In Fig. 1, they are plotted on the complex plane.
These loci lie on a straight line. Neglecting temporal decor-
relation and assuming a sufficient calibration/compensation
of system- and geometry-induced decorrelation contributions,
(3) can be inverted using a quad-polarization single-baseline
acquisition. In the conventional monostatic case, three inter-
ferometric coherences formed by using the three independent
polarizations are available to estimate five unknown parameters
assuming that one polarization has no
ground response [2], [4], [5].
However, in repeat-pass airborne/satellite InSAR (or
Pol-InSAR) system, temporal decorrelation introduced by dy-
namic changes within the scene cannot be neglected. Temporal
decorrelation affects in general both the volume component
that represents the vegetation layer and the underlying ground
layer, but the decorrelation processes occur differently in the
two layers. Temporal decorrelation on the ground layer can
arise from surface changes between the two acquisitions. The
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(a) (b)
Fig. 1. (a) Coherence loci for the RVoG model with temporal decorrelations of and . (b) Coherence loci rotated by ground phase
; Temporal decorrelation on the ground layer is located on -axis.
ground point that represents the interferometric coherence on
the ground can be modified as
(4)
where is a Dirac delta function and represents the
scalar correlation coefficient describing temporal decorrelation
of the underlying surface scatterers [9]. In a unit circle,
results in a shift of the ground point radially towards the
origin as shown in Fig. 1, but the phase center remains un-
changed. On the other hand, temporal decorrelation in volume
is more complex and critical due to its susceptibility to wind
which is nonstationary neither temporally nor spatially even
on very short time- and small spatial-scales. Assuming that
temporal decorrelation varies along the vertical structure func-
tion, volume decorrelation in (2) can be modified by a temporal
decorrelation structure function given as [15]
(5)
denotes the complex correlation coefficient describing
the temporal decorrelation of the volume layer. In this case,
temporal decorrelation reduces the amplitude of volume decor-
relation and changes the effective phase center depending on
the temporal structure function. In case of a constant temporal
decorrelation function, temporal decorrelation in volume be-
comes a scalar value (i.e., no bias of phase).
Both temporal decorrelation effects can be incorporated in
the two-layer scattering model. The equation of RVoG model
[see (3)] with two temporal decorrelations can be described as
[9], [15]
(6)
Both and are functions of the temporal baseline; how-
ever the decorrelation processes in the volume layer occur at
different—in general much smaller—time scales than the decor-
relation of the surface layer. Moreover, both temporal decorre-
lation coefficients may be polarization dependent: For example,
changes in the dielectric properties of the canopy layer (due to
changes in moisture content) or even more changes in its struc-
tural characteristics (caused by the annual phenological cycle or
fire events) lead to different changes at different polarizations
in the volume scatterers. Furthermore, a change in the dielectric
properties of the ground—as for example due to a change in soil
moisture—effects the scattering at each polarization differently
and leads to a polarization dependent temporal decorrelation of
the ground.
Using a quad-polarization single baseline acquisition (three
complex coherences), (6) cannot be inverted even in a multi-
baseline configuration due to the two additional unknown pa-
rameters introduced by any (temporal) baseline.
However, even if the general temporal decorrelation scenario
of (6) is underdetermined, special temporal decorrelation sce-
narios allowing simple assumptions may be accounted for in
the context of multibaseline Pol-InSAR acquisitions, as it will
be discussed in the next section.
A. Wind Induced Temporal Decorrelation
When the temporal baseline is sufficiently short (i.e., smaller
than 1 h), it is realistic to assume that the ground remains stable
(i.e., ), and that the dielectric and statistical properties
of the volume do not change. Thus, the most common temporal
decorrelation in forest is due to wind-induced movement of the
scatterers within the volume layer. In this case, the RVoGmodel
with temporal decorrelation contributions mentioned in (6) can
be simplified as [4], [5], [9]
(7)
The Pol-InSAR coherence loci contaminated by still lie
on a straight line segment in the complex plane. The ground
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(a) (b)
Fig. 2. (a) Height bias (overestimation) induced by different levels of temporal decorrelation as a function of forest heights assuming a constant vertical
wavenumber of rad/m. (b) Height bias induced by different levels of temporal decorrelation as a function of vertical wavenumber , assuming
a constant forest height of 20 m.
(a) (b)
Fig. 3. Biases caused by . Ground phase bias (a) and height bias (b) induced by different levels of temporal decorrelation as a function of
forest height assuming a vertical wavenumber of rad/m and temporal decorrelation of .
TABLE I
BIOSAR 2007 CAMPAIGN DATA SET: (X2) DENOTES THAT TWO BASELINES ARE AVAILABLE
THROUGH DIFFERENT COMBINATIONS OF THE MASTER AND SLAVE TRACKS
point [green rectangular point in Fig. 1(a)] remains unchanged,
while the volume coherence is shifted towards the origin
by .
The inversion of Pol-InSAR data contaminated by temporal
decorrelation leads to biased forest height estimates: The
lower coherences (due to the temporal decorrelation ) are
interpreted by themodel as to be caused by higher forest heights.
In other words, height estimates obtained by inverting (7) in-
stead of (3), are overestimated depending on the level of tem-
poral decorrelation . Fig. 2(a) shows the height bias ob-
tained by inverting (7) for different levels of temporal decor-
relation ( to 0.75) as a function of forest height
assuming an effective vertical (interferometric) wavenumber of
rad/m. One can clearly see that the estimation biases
are significantly higher for low heights than for high heights and
that the height biases increase with increasing temporal decorre-
lation. Note that even for low temporal decorrelation levels (on
the order of 0.9) the height bias becomes critical for low forest
heights.
Fig. 2(a) makes clear that for achieving acceptable height es-
timates temporal decorrelation has to be compensated. Unfor-
tunately, wind-induced temporal decorrelation occurs especially
in a stochastic manner within the scene [5] and can be accounted
only for on the basis of detailed information about the environ-
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TABLE II
TEMPOSAR 2008 AND 2009 CAMPAIGNS DATA SET: (X2) DENOTES THAT TWO BASELINES ARE AVAILABLE THROUGH DIFFERENT COMBINATIONS OF THE
MASTER AND SLAVE TRACKS
TABLE III
METEOROLOGICAL INFORMATION: WIND SPEED AND PRECIPITATION. (-) DENOTES NO PRECIPITATION
Fig. 4. Vertical wavenumber as a function of nominal baseline for L-band
E-SAR system. The altitude of E-SAR is 3000 m. The incidence angle changes
from 25 to 55 . Red: in near range, Blue: in far range, Black: mean
from near to far range, Green: The range of between 0.05 and 0.15 rad/m.
mental conditions over the time during the two acquisitions. A
valuable option to reduce the impact of nonvolumetric decor-
relation contributions on the forest height estimation is to in-
crease the volume decorrelation contribution with respect to the
nonvolumetric decorrelation by increasing the spatial baseline.
This is shown on the right side of Fig. 2 where the height bias
obtained by inverting (7) for different levels of temporal decor-
relation ( to 0.75) is plotted as a function of the
vertical wavenumber , assuming a constant forest height of
20 m. Even for low temporal decorrelation levels (on the order
of 0.9), the height bias is critical at small baselines (12 m (i.e.,
60%) for rad/m), but decreases with increasing base-
line: for the same level of temporal decorrelation the height bias
decreases to 2 m (i.e., 10%) when using a vertical wavenumber
of rad/m. This makes clear that larger spatial base-
lines are of advantage in the presence of weak to moderate tem-
poral decorrelation as they minimize the bias introduced by the
temporal baseline. The price to be paid is an overall lower coher-
ence level—due to the increased volume decorrelation contri-
bution—that increases the phase variance of the interferometric
coherence.
B. Temporal Decorrelation of the Ground Layer
For temporal baselines on the order of days and larger,
temporal decorrelation contributions induced by changes in the
scattering properties of the ground layer cannot be neglected
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
6 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING
(a) (b) (c)
Fig. 5. Remningstorp test site. (a) Radar image of the Pauli components, Red: HH-VV, Green: HV, Blue: HH VV. (b) Pol-InSAR forest height map in Remn-
ingstorp forest; scaled from 0 m to 50 m, (c) Polygons superimposed on LIDAR derived H100.
(i.e., ). The two real decorrelation contributions of
and result in a shift of the volume decorrelation
and the ground point radially towards the origin as
shown in the left of Fig. 1. Note that the presence of and
move the line-circle intersection point to (blue
rectangular point) and induce a ground phase error . As a
consequence of , the phase center of volume decorrelation
is overestimated and leads to a height error in the Pol-InSAR
inversion.
Fig. 3 shows the ground phase bias and the height bias
induced by different levels of temporal decorrelation on the
ground layer ( to 0.8) as a function of forest height
assuming a vertical wavenumber of rad/m and the
temporal decorrelation in volume of . While no
ground phase bias appears for , the ground phase
bias increases as decreases. Fig. 3(b) shows the
height biases corresponding to phase biases shown on the left
of Fig. 3. Compared to the impact of temporal volume decor-
relation , a phase bias caused by introduces a smaller
bias in the Pol-InSAR inversion. For example, at a forest height
of 20 m, the temporal decorrelation of causes a
3 m (i.e., 15%) height bias, while the temporal decorrelation of
bias to the phase error of 8 and the overestimation
of about 1 m (i.e., 5%).
In Section V, the quantification of both temporal decorrela-
tions and their impact on forest height inversion for different
repeat-pass intervals will be estimated and discussed using air-
borne SAR data sets.
III. TEMPORAL DECORRELATION CAMPAIGNS
In order to assess the impact of temporal decorrelation,
three important airborne experiments were conducted: BioSAR
2007, TempoSAR 2008, and TempoSAR 2009 campaigns.
An overview of forest campaigns including the test sites and
the experimental Pol-InSAR data acquired by DLR’s E-SAR
system [11], as well as ground measurement data is described
in the following.
A. BioSAR 2007 Campaign
The BioSAR 2007 campaign was performed over the Remn-
ingstorp test site [see Fig. 5(a)] located in southern Sweden
[ north, east). DLR’s E-SAR system acquired data
over the Remningstorp forest at three different dates: March
9, March 31, and May 2, 2007. During the three acquisitions,
L-band Quad-polarimetric data have been acquired in a repeat-
pass interferometric mode. The configurations flown and the
available Pol-InSAR data sets are summarized in Table I. The
experiment allows us to investigate long-term temporal base-
lines on the order of 32 and 54 days.
The Remningstorp forest is a part of the southern ridge of the
boreal forest zone in transition to the temperate forest zone. To-
pography is fairly flat with some small hills and ranges between
120 m and 145 m amsl. It is a managed forest, divided into sev-
eral stands with similar forest structure. Prevailing tree species
are Norway spruce (Picea abies), Scots pine (Pinus sylvestris),
and birch (Betula spp.). Forest height ranges from 5 to 35 m,
with biomass levels from 50 to 300 t/ha. For the test site LIDAR
data set is available for validation. 78 homogeneous stands have
been delineated on the basis of LIDAR measured heights. The
H100 [see Fig. 5(c)] was obtained from LIDAR height measure-
ments by taking the maximum value of a 10 m 10 m window
corresponding to 1/100 of a hectare [17], [5]. A mean area of a
stand is about 5.9 ha.
B. TempoSAR 2008 and 2009 Campaigns
The repeat-pass E-SAR system acquired fully polarimetric
and interferometric SAR data over the Traunstein test site. A
total of 13 radar campaigns was carried out over three different
periods: five times (June 7– June 20, 2008); five times (April
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(a) (b) (c)
Fig. 6. Traunstein test site. (a) Radar image of the Pauli components, Red: HH-VV, Green: HV, Blue: HH VV. (b) Pol-InSAR forest height map Traunstein
forest; scaled from 0 m to 50 m. (c) LIDAR derived H100 overlaid with stands.
27–May 12, 2009); and three times (October 28–November 5,
2009). Fig. 6(a) shows the Pauli component images for Tem-
poSAR 2008. From a series of Pol-InSAR acquisitions, it is pos-
sible to generate various temporal baselines up to 15 days. Thus,
the TempoSAR data form a unique data set to investigate the im-
pact of temporal decorrelation in time on Pol-InSAR inversion
performance. The data sets have a sufficient number of tracks in
order to perform a multibaseline approach for successful height
inversion. The spatial baselines for the TempoSAR campaigns
vary basically from m to 15 m, with a spacing of 5 m. The
available tracks and temporal/spatial baselines are summarized
in Table II.
The Traunstein test site is situated in the southeast of Ger-
many ( north, east), about 100 km east from DLR
Oberpfaffenhofen. Due to the short distance to DLR, it is easy
for the E-SAR system to acquire Pol-InSAR data from Oberp-
faffenhofen airport. Geologically, the test site is placed in the
prealpine-moraine landscape of southern Germany. Topography
varies from 600 m to 800 m amsl, with only few steep slopes.
The forests are dominated by Norway spruce (Picea abies),
beech (Fagus sylvatica) and fir (Abies alba). On a global scale
this forest type is part of the temperate forest zone. It is a man-
aged forest composed of even-aged stands which cover forest
heights from 10 to 40 m. The mean biomass level is on the
order of 210 t/ha while some old forest stands can reach biomass
levels up to 500 t/ha. Compared to other managed forests in this
ecological zone (mean biomass of 121 t/ha) the biomass values
at the Traunstein test site are significantly higher. Validation of
TempoSAR campaign results was based on LIDAR measure-
ment data which was acquired on September 28, 2008. LIDAR
derived H100 was shown on the right side of Fig. 6.
Meteorological data for the Traunstein test site were ob-
tained by two local weather stations [13]. The Schönharting
and Nilling stations are about 24 km northeast and northwest
from the Traunstein test site. Meteorological measurements
were collected at an hourly rate including air temperature (at
a height of 20 and 200 cm), soil temperature (in a depth of 5
and 20 cm), relative humidity, wind velocity and precipitation
during the TempoSAR campaigns. For this study, the weather
data of wind speed and precipitation were used in order to check
temporal changes of forest. Wind speeds from beginning to end
(approximately 1 h) of each SAR acquisition are summarized
in Table III. There was a relatively strong wind velocity on June
7 and June 20, 2008, with maximum wind speed of 3.2 m/s.
While the wind speeds represent the values recorded at exact
acquisition time, the total precipitation over the period of 12,
24, 36, and 48 h prior to the beginning of the SAR acquisition
were estimated in Table III. The forest conditions on June
12, 2008 and May 12, 2009 could be wet due to significant
precipitation before airborne SAR experiment.
IV. MULTI-BASELINE POL-INSAR INVERSION RESULTS
Forest heights for Remningstorp and Traunstein test sites
were estimated by applying an incoherent multibaseline
Pol-InSAR inversion approach [12] in order to optimize the
performance with respect to the actual level. For the E-SAR
acquisition geometry, the radar incidence angle varies
form 25 to 55 [11], [5] implying a variation of the vertical
wavenumber from near to far range, up to a factor of five. Fig. 4
shows the vertical wavenumbers of the L-band E-SAR
acquisition as a function of nominal spatial baseline, assuming
the altitude of E-SAR of 3000 m. The vertical wavenumber
range for each spatial baseline for the BioSAR 2007 and
TempoSAR campaigns is obtained by using the nominal spatial
baseline values given in Tables I and II. An optimum inversion
performance across whole range can be achieved by com-
bining the optimum range of the multiple available baselines.
Accordingly, regions with low inversion performance caused
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(a) (b)
Fig. 7. Validation plots: LIDAR reference height vs. multibaseline Pol-InSAR forest height estimates for Remningstorp (a) and Traunstein (b) test sites.
(a) (b)
Fig. 8. Left: The vertical wavenumber at zero nominal spatial baseline, scaled from to 0.03 rad/m. White and black indicate the vertical wavenumber
characterized by larger than 0.03 and smaller than . Right: The volume decorrelation obtained by the forest height in Fig. 5 and the vertical wavenumber
from left image assuming the mean extinction of dB/m, scaled from 0.95 to 1.00. Areas with the absolute vertical wavenumber larger than 0.03 and nonforest
part are masked out (black).
by too high and too low volume sensitivity characterized by
a vertical wavenumber larger than 0.15 and smaller than 0.05
are masked out for each individual baseline [5]. Also areas
with a coherence level lower than 0.3 are masked out where
accurate inversion cannot be expected for a reasonable number
of looks. Height estimation accuracy is finally used to select the
best estimate from multibaseline inversion results by using a
criterion (i.e., the minimum value) defined by the conventional
interferometry height accuracy, the amplitude of coherence and
the vertical wavenumber [12].
For the Remningstorp test site the multibaseline Pol-InSAR
inversion was done on the data set acquired on March 31, 2007
and validated against H100. Fig. 5 in the middle shows the ob-
tained forest height map, scaled from 0 m to 50 m. The valida-
tion plot is shown on the left side of Fig. 7 where a correlation
coefficient of 0.91 with a root mean square error (RMSE) of
1.64 m is reached. The correlation between LIDAR and radar
height measurements is highly significant within 10%.
For the Traunstein test site forest heights have been estimated
for two data sets acquired in 2008 and 2009. Height estimates for
the TempoSAR 2008 data set (acquired on June 12, 2008) are
validated against LIDAR measurements (i.e., H100) acquired
in two months after the SAR campaign. The Pol-InSAR forest
height map is shown in the middle of Fig. 6 and on the right the
LIDAR measurement used for validation. Both height maps are
also scaled from 0m to 50m. A comparison of Pol-InSAR forest
heights against LIDARmeasurements is shown in Fig. 7 (on the
right) whereas the correlation coefficient reaches 0.93 with a
RMSE of 1.97 m, covering a height range from 10 to 35 m. At
the same time, mean extinction coefficients have been estimated
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Fig. 9. (Top) HH Coherence maps. Bottom: Coherence histograms (of forested area) for a 0-, 32-, and 54-day temporal baselines in Remningstorp test site in
different polarizations; HH (red), HV (green), and VV (blue). Grey columns are of the highest frequency at different polarizations in coherence histograms.
Fig. 10. Forest height map and height bias for Remningstorp forest, scaled 0 m
to 50 m. Left: Inversion height map with one month temporal baseline, Right:
Different height map between left image and the middle image of Fig. 5.
for the Traunstein test site. The extinctions vary mainly from 0
to 0.5 dB/m with a median value of 0.14 dB/m.
The results of both test sites demonstrate that multibaseline
Pol-InSAR forest height inversion provides consistent forest
height maps for different type of forests in the case of small
Fig. 11. Height error (%) versus forest height for Remningstorp
test site. Red: Estimated height error on 32-day temporal baseline
. Blue: Simulated height bias with
temporal decorrelation on the order of 0.65 as Fig. 2(a).
temporal baselines (on the order of minutes). In the next sec-
tion, the impact of temporal decorrelation is evaluated from the
multibaseline inversion results.
V. ASSESSMENT OF TEMPORAL DECORRELATION
In this section the impact of temporal decorrelation on Pol-
InSAR inversion performance is quantitatively estimated and
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Fig. 12. Forest height maps for TempoSAR 2008 campaign with temporal baselines from 1 to 13 d; scaled 0 m to 50 m; color table in Fig. 5. Forest heights with
temporal decorrelation on the order of days are overestimated compared to the multibaseline Pol-InSAR inversion result shown in Fig. 6.
analyzed. Two different approaches are proposed to quantify
the temporal decorrelation and its impact on forest parameter
inversion. The simplest way to quantify temporal decorrelation
at a given temporal baseline is to avoid any (spatial) baseline in-
duced decorrelation contribution (e.g., volume decorrelation) by
using a “zero spatial baseline” configuration and compensating
for system induced decorrelation effects (e.g., SNR decorrela-
tion). In this special case of a zero spatial baseline interferogram
(i.e., and ), temporal decorrelation can be di-
rectly estimated from (7) [5], [9], [15]. The second approach is
based on the estimation of the height error induced by temporal
decorrelation at nonzero multispatial baselines (i.e., and
). It has the advantage of establishing a direct relation-
ship between temporal decorrelation level and the height error.
And, it also allows at the same time the estimation of the indi-
vidual temporal decorrelation levels of and . For this,
it is necessary to have information on forest height and mean ex-
tinction. In this case, both parameters are obtained by means of
multibaseline Pol-InSAR inversion [12] using only small tem-
poral baselines assumed free of temporal decorrelation as shown
in Section IV. The results are then used to assess the height error
induced by the individual temporal baselines and to estimate
temporal decorrelation levels of and as a function of
temporal baseline.
As summarized in Tables I and II, the BioSAR 2007 and
TempoSAR campaigns have a variety of temporal baselines
varying from minutes, days, and weeks, up to 54 days. In this
study, temporal baselines are categorized into three time scale
classes; long-term (weeks to months), mid-term (day to weeks)
and short-term (minutes to hours) temporal baselines. The
results about temporal decorrelation at different time scales are
discussed in the next sections.
A. Long-Term Temporal Baseline: Weeks to Months
To investigate the temporal decorrelation at long-term
temporal baselines, the data sets of the BioSAR 2007 cam-
paign were selected where three different acquisitions provide
long-term temporal baselines on the order of about one and two
months.
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Fig. 13. Forest height maps for TempoSAR 2009 campaign with temporal baselines from 1 to 15 d; scaled 0 to 50 m; color table in Fig. 5. Forest heights are with
temporal decorrelation on the order of days are overestimated compared to the multibaseline Pol-InSAR inversion result shown in Fig. 6.
As mentioned, the straightforward way to quantify temporal
decorrelation is to use a zero spatial baseline configuration.
Acquisitions at zero spatial baseline were used by selecting the
forested areas within the scene where the spatial baseline is if
not zero at least sufficiently small (i.e., ). Fig. 8(a)
shows an image of at zero nominal spatial baseline, scaled
from to 0.03 rad/m. Regions with a vertical wavenumber
larger than 0.03 and smaller than are not considered
and masked out. The volume decorrelation of the remaining
areas is simulated by the forest height information available
[see Fig. 5(b)] assuming a mean extinction dB/m.
Fig. 8(b) shows the volume decorrelation of the relevant areas
(i.e., ), scaled from 0.95 to 1.00. The volume
decorrelations are nearly unity with an average level of 0.999.
Accordingly, the approach eliminates all baseline induced
decorrelation sources so that the loss in coherence is only due
to temporal decorrelation.
Temporal decorrelation maps (HH polarization) for a zero
spatial baseline are shown in Fig. 9. At the bottom of Fig. 9, the
coherence histograms for HH (red), HV (green), and VV (blue)
polarizations over the forested areas in the scene are shown for
three different temporal baselines. As expected, the impact of
temporal decorrelation increases with increasing temporal base-
line in all polarizations. Even for the 0-day case acquired with
a temporal baseline shorter than 1 h, the loss in coherence in-
dicates the presence of temporal decorrelation: The temporal
decorrelation levels are on the order of 0.65 for 32 days and 0.30
for the 54 days. The coherence level for 54 days was already so
low that almost the entire image is covered by the nonvalid co-
herence mask.
Pol-InSAR inversion with a temporal baseline of 32 days was
performed using the nonzero spatial baselines. The inversion re-
sult and height bias (overestimation) are shown in Fig. 10. In this
case, the obtained forest heights are fairly overestimated all over
the image [compared to Fig. 5(a)] due to the temporal decorrela-
tion. The height error introduced by temporal decorrelation can
be estimated by
% (8)
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(a) (b)
Fig. 14. Height error (%) versus forest height for temporal baselines from 1 to 15 d; Color-coding represents the temporal baselines. (a) Height error for Tem-
poSAR 2008. (b) Height error for TempoSAR 2009. Red line represents the mean forest height of 26 m in the rectangle in Fig. 12.
where is the forest height from multibaseline inversion
[see Fig. 5(b)] and the height bias (overestimation) in-
troduced by the uncompensated temporal decorrelation [see
Fig. 10(right)]. The estimated height error for the 32-day tem-
poral baseline is plotted in Fig. 11. The red line represents the
estimated height error for a 32-day temporal baseline while the
blue line shows the simulated height bias (as shown in Fig. 2(a)
in Section II-A) obtained by inverting (7) for
corresponding to the mean temporal decorrelation as obtained
from the histograms for the 32-day temporal baseline in Fig. 9.
There is a clear tendency of increasing height error with
decreasing forest height in accordance with the simulation
shown in Fig. 2. Lower forest stands are much more affected
by uncompensated volumetric decorrelation contributions
than higher forest stands. The level of temporal decorrelation
with one month repeat-pass time interval still allows applying
Pol-InSAR height inversion, but it introduces a large height
bias, especially in low forest stands.
B. Mid-Term Temporal Baseline: Day to Weeks
Temporal decorrelation at mid-term temporal baselines (on
the order of days up to weeks) is now investigated and quan-
tified. During the TempoSAR 2008 and 2009 campaigns, Pol-
InSAR data were acquired 13 times distributed over a period
of 15 days. This allows to form interferograms with temporal
baselines ranging from 1 up to 15 days (see Table II).
Forest height maps have been estimated by using multibase-
line Pol-InSAR inversion [12]; the inversion results are shown
in Figs. 12 and 13. As expected, forest heights were clearly
overestimated when compared to the forest height shown in
the middle of Fig. 6. In general, overestimation increases with
increasing temporal baseline. The height errors for TempoSAR
2008 and 2009 are estimated using (8) and are shown in Fig. 14.
The color-coding indicates the temporal baselines ranging from
1 to 15 days. The inversion error increases with decreasing
forest height and increasing temporal baseline, similar to the
results obtained in the previous section. Note that the height
errors obtained from the different 1-day temporal baselines can
be fairly different as shown in Fig. 14(b). The acquisition pairs
(09_01xx/09_02xx and 09_08xx/09_09xx) for TempoSAR
2009 [see Fig. 14(b)] lead to 10–25% height error depending on
forest heights, while the pair (09_04xx/09_05xx) acquired also
with 1-day temporal decorrelation leads to much larger height
errors of 20–200%, due to the rather unstable weather condi-
tions (e.g., wind and/or precipitation) during the acquisitions.
In the following, both temporal decorrelations of and
will be estimated by using nonzero multibaseline Pol-InSAR
data and be discussed with meteorological information.
1) Temporal Decorrelation on the Ground Layer : As
discussed in Section II-B, the temporal decorrelation on the
ground biases the estimate of the ground phase and leads
to an overestimation of forest height. It is hard to estimate the
impact of by means of a “zero spatial baseline” because of
no phase difference of interferograms at different polarizations.
Using the reference forest height and a mean extinction
(obtained in Section IV) from multibaseline Pol-InSAR inver-
sion, the volume decorrelation is calculated
from (2) (by setting ) and plotted [corresponding to the
green circle in Fig. 1(b)]. For any Pol-InSAR acquisition, the
associated volume-only coherence and the biased
ground point are obtained. The ground phase error
is estimated by the phase difference between
and . Temporal decorrelation on the ground
layer is obtained by the -intercept of the line defined
by and [red circle and blue
rectangular points in Fig. 1(b)]
(9)
where represents the gradient of the line.
The quantitative estimation of for the Traunstein test
site (corresponding to the red rectangle in Fig. 12) is performed
using Pol-InSAR data sets acquired during the TempoSAR
2008 and 2009 with temporal baselines up to 15 days. Fig. 17
shows the mean estimated temporal decorrelation plotted
against all possible TempoSAR 2008 and 2009 temporal
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Fig. 15. Temporal decorrelation on the ground layer for TempoSAR 2008 campaign from 1- to 13-day temporal baseline, scaled from 0 (black) to 1 (white);
Section of Traunstein test site—red dotted rectangle in Fig. 12.
Fig. 16. Temporal decorrelation in volume for TempoSAR 2008 campaign from 1- to 13-day temporal baseline, scaled from 0 (black) to 1 (white); Section
of Traunstein test site—red dotted rectangle in Fig. 12.
baselines. The asterisks represent the averaged temporal decor-
relations for TempoSAR 2008 and the rectangles the ones
for TempoSAR 2009. Temporal decorrelation decreases
from 0.91 to 0.68 with increasing temporal baseline. However,
comparing on the three 1-day baseline results of TempoSAR
2009 (Sence_ID: 09_01xx/09_02xx, 09_04xx/09_05xx, and
09_08xx/09_09xx), the level of for the 09_04xx and
09_05xx pair is much lower . This can be due
to a change in the dielectric properties of the ground induced,
for example, by precipitation. Indeed, during the TempoSAR
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Fig. 17. Mean temporal decorrelations on the ground layer against tem-
poral baseline up to 15 days for TempoSAR 2008 and 2009; Section of Traun-
stein test site—red dotted rectangle in Fig. 12. Asterisk point: TempoSAR 2008
and rectangular point: TempoSAR 2009.
2009 campaign, there was a 4.1 mm rain event just before
the 09_05xx acquisition on May 12, 2009 (see Table III)
changing probably the dielectric properties of the ground
layer. Therefore, values estimated by the interferometric
pairs including track 09_05xx (i.e., 09_04xx/09_05xx, and
09_02xx/09_05xx) at temporal baselines of 1 and 14 days show
much lower coherence levels than those without the 09_05xx
acquisition at same temporal baselines (i.e., 09_01xx/09_02xx,
09_08xx/09_09xx, and 09_01xx/09_04xx) as shown in Fig. 17.
This is a significant result indicating that precipitation is critical
affecting the temporal stability of the ground.
2) Temporal Decorrelation in Volume Layer : Temporal
decorrelation for temporal baselines on the order of days
depends on short term changes of the dielectric properties
of the volume (and the ground) and on the rather stochastic
(wind-induced) motion. As mentioned in Section II-A, tem-
poral decorrelation of the volume reduces the amplitude
of the volume decorrelation in (6). Accordingly, can
be estimated from the amplitude ratio of and
[corresponding to the green and red
circle points in Fig. 1(b)].
The estimated temporal decorrelation coefficients for all
temporal baselines in TempoSAR 2008 are shown in Fig. 16
making two main points obvious: The first one is that temporal
decorrelation tends to decrease with increasing temporal
baseline, but faster than as shown in Fig. 15. The second
point is that the decrease of is not necessarily monotonic
in time and space. It depends not only on the random behavior
of wind-induced motion but also on different levels of water
content (e.g., dielectric constant) in the volume due to precip-
itation and vaporization. Fig. 18 shows the averaged temporal
decorrelation for all temporal baselines up to 15 days. Tem-
poral decorrelation tends to decrease with increasing tem-
poral baseline similar to temporal decorrelation . For tem-
poral baselines of a few days a rapid drop of coherence level
going along with a large variation of coherence levels can be
observed. The lower values of at temporal baselines of 1
Fig. 18. Mean temporal decorrelations in volume against temporal base-
line up to 15 days for TempoSAR 2008 and 2009; Section of Traunstein test
site—red dotted rectangle in Fig. 12. Asterisk point: TempoSAR 2008 and rect-
angular point: TempoSAR 2009.
Fig. 19. Validation of the estimated height error. -axis: Height error on a
mean forest height of 26 m from Fig. 14. -axis: Height error estimated by in-
verting (6) with temporal decorrelation on the ground layer from Fig. 17
and temporal decorrelation in volume from Fig. 18. Color-coding repre-
sents the temporal baselines. Asterisk point: TempoSAR 2008 and rectangular
point: TempoSAR 2009.
day (09_04xx/09_05xx) and 14 days (09_02xx/09_05xx) result
from the changes of dielectric properties of the scatterers in the
volume layer due to the precipitation event on May 12, 2009
(see Table III).
For the validation of the obtained results, a simulated height
error for the estimated and obtained from each tem-
poral baseline for a of 0.1 rad/m and a forest height of 26 m
(mean forest height value within red rectangle in Fig. 12) is
calculated and plotted against the real height error on height
of 26 m in Fig. 14. Fig. 14 shows this plot: on the x-axis is
the real height error while on the -axis the simulated height
error obtained by using the estimated temporal decorrelations
( and ) from Figs. 17 and 18 are given. Asterisks and
rectangles indicate the height errors (%) for TempoSAR 2008
and 2009 and the color-coding indicates the temporal baseline,
from 1 to 15 days. For example, a height error of 18% is es-
timated corresponding to and at a
temporal baseline on the order of 1 day (09_08xx/09_09xx),
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Fig. 20. (Left) Amplitude image of the Traunstein test site in HH polarization with positions of the investigated forest stands. (A), (C) High forest (blue). (B):
Low forest (blue). (D) Field (red). (Right) Coherence versus temporal baseline (in minutes) plots for each of the selected areas A, B, C, and D; Color of point
represents vertical wavenumber (see legend bottom right).
while a 14% height error is obtained for a height of 26 m in
Fig. 14(b). However, temporal decorrelations on the order of
and at another 1-day temporal base-
line (09_04xx/09_05xx) result in stronger height errors of 39%
due to the precipitation between two acquisitions. In this case,
the value in Fig. 14 is quite similar indicating a height error
of 38%. The comparison of temporal decorrelations and height
errors shows a surprisingly high of 0.94 with an RMSE of
3.34%. This means that the modeling of and is in ac-
cordance with the experimental results achieved.
C. Short-Term Temporal Baseline: Minutes to Hours
Pol-InSAR acquisitions with DLR’s E-SAR system operating
in a repeat-pass mode can be realized with minimum temporal
baselines on the order of 10–15 min depending on the dimen-
sion of the scene acquired. In the frame of the TempoSAR 2008
campaign, temporal baselines vary usually from 10min up to 1 h
with a maximum of 74 min. In this case, temporal baselines are
short enough to ignore the temporal decorrelation on the ground
layer (i.e., ).
In the following the behavior of temporal decorrelation in the
volume for short-term temporal baselines is investigated
by using (7). In order to reduce volume decorrelation
and isolate temporal decorrelation effects, only interferometric
pairs with small vertical wavenumber values have
been selected.
To investigate the behavior of coherence for short-term tem-
poral baselines and very small spatial baselines, three forested
stands and one bare field were selected. The forest stands were
selected using the ground measurements in order to get uniform
stands in terms of forest height and biomass [14]. Fig. 20(left)
shows the HH amplitude image of the Traunstein test site indi-
cating the four selected areas. Stand A and C are characterized
by higher forest height and biomass (A: 35.1 m, 367.2 t/ha, and
C: 33.1 m, 402.6 t/ha), while the height of stand B is rather low
(B: 13.3 m, 89.3 t/ha). The bare field D is used as a reference.
The plots in Fig. 20 on the right show the variation of
coherence over the selected areas as a function of vertical
wavenumber (color) and temporal baseline. The color-coding
indicates the average vertical wavenumber per stand and
the x-axis shows the temporal baseline. Plot D for the bare
field shows a high coherence level for all spatial and temporal
baselines indicating a high temporal stability at least for the
observed period of 74 min. In contrast, volume scatterers
decorrelate at short-term temporal baseline (see Fig. 20 plots
A, B, and C), where decorrelation is caused by wind-induced
motion. Especially the changes in coherence at the taller forests
stands (plot A and C) are significant. To exclude any impact
of remaining volume decorrelation on the interpretation of the
results, only the behavior of acquisitions with very similar
vertical wavenumber is discussed. Due to the variation of
within each interferogram not all available interferograms
can be used for all stands. In plot A, a strong variation of
coherence, independent of temporal baseline, can be observed.
Coherences in plot B (low forest case) have less variation
than those in plot A. Similar vertical wavenumbers (red
points) maintain the coherence level up to 60 min. Plot C shows
coherences with similar spatial baseline (sky blue points) with
a maximum coherence after 40-min temporal baseline. Com-
paring the observations from plot A, B and C, wind-induced
temporal decorrelation effects over forested regions seem to be
of random nature.
Fig. 21 shows the impact of wind-induced temporal decor-
relation on forest height estimates. Multibaseline Pol-InSAR
inversion results from five acquisition dates in 2008 (see
Tables II and III) are connected to wind speed measurements.
Wind speed measurements were taken from two meteorological
stations (Nilling and Schönharting) close to the Traunstein test
site and are shown in Fig. 21(bottom) and Table III. Height
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Fig. 21. Impact of wind-induce temporal decorrelation on forest height estimates. The stronger wind causes the more bias in Pol-InSAR inversion. (Top) Forest
height maps from five different acquisition dates in TempoSAR 2008, scaled 0 to 50 m. (First row) Acquisition date. (Second row) Scene_ID in Table III. (Bottom)
Wind speed during TempoSAR 2008 campaign. Red: Schönharting station, Blue: Nilling station, and Green: Acquisition time.
estimates from acquisitions with wind speeds of up to 2 m/s
are significantly higher (08_01xx and 08_06xx in Fig. 21) than
height estimates where wind speed was below 1 m/s (08_03xx,
08_04xx, and 08_05xx in Fig. 21). Fig. 21 shows the impact of
weather (wind) condition on forest height estimates by means
of repeat-pass SAR systems. Reliable heights were obtained
only for acquisitions on June 10 and 12, 2008, with less wind
(mean wind speed less than 1 m/s).
VI. DISCUSSION AND CONCLUSION
In order to successfully perform Pol-InSAR forest structure
parameter estimation, the characterization of temporal decorre-
lation over forest is essential for the design of airborne SARcam-
paigns and much more for the implementation of future space-
bornemissions operating in a repeat-passmode. In this paper, the
impact of temporal decorrelation on Pol-InSAR forest height in-
version performance has been addressed and temporal decorrela-
tion as a function of temporal baseline has been investigated for a
wide range of temporal baselines. Different temporal decorrela-
tions for the volume and the ground layer have been incorporated
into the two-layer (volume/ground) RVoG scattering model, in
order to account for the different decorrelation behaviors. Both
decorrelations bias the Pol-InSAR inversion results, but in a dif-
ferent way: While volume temporal decorrelation reduces
the amplitude of the volumedecorrelation contribution, temporal
decorrelation on the ground layer introduces a ground phase
error. Both effects lead to an overestimation of forest heights.
This phase error is the key idea for estimating the temporal
decorrelation of the ground layer.
The Pol-InSAR data sets acquired in BioSAR 2007 and Tem-
poSAR 2008 and 2009 campaigns were used for the quantita-
tive assessment of temporal decorrelation for temporal base-
lines ranging from 10 min up to 54 days. The impact of tem-
poral decorrelation has been separately assessed on three dif-
ferent levels of temporal baseline: long-term (months—weeks),
mid-term (weeks–day) and short-term (hour–minutes) temporal
baselines.
The level of temporal decorrelation (0.3) with 54-day repeat-
pass time of BioSAR 2007 data makes Pol-InSAR applications
not possible due to by the nonvalid coherence mask. In the case
of 32-day temporal baseline, the level of coherences in forest
was higher than 0.3 so that Pol-InSAR inversion was still able
to be applied but forest height was quite overestimated due to
the uncompensated temporal decorrelation. The decorrelation
level is sufficient to cause height error on the order of 20–200%
depending on forest heights and spatial baseline setup.
Using multibaseline Pol-InSAR data sets acquired during the
TempoSAR campaigns with temporal baselines on the order of
1 day, up to 2 weeks (15 days), it is possible to estimate the dif-
ferent temporal decorrelation contribution and . Both
and tend to decreasewith increasing temporal baseline.
However, the decorrelation processes within volume layer occur
much faster than on the ground. The reason for this is that the
scatterers in the canopy are less stable than ones on the ground.
On the other hand, the temporal decorrelations of and
are not only dependent on the wind-induced movement but also
rely strongly on the rain-induced dielectric changes in volume
and on the ground at temporal baselines on the order of days or
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longer. Finally, the estimated temporal decorrelations and
were converted to height errors and validated against the di-
rectly estimated height error from Pol-InSAR inversion. The ob-
tained results are highly correlated on the order of 0.94 with an
RMSE of 3.34%. This is a strong indication for the validity of
the model used as well as for a successful estimation of and
at temporal baselines on the order of days.
The behavior of temporal decorrelation on the order of
minutes was strongly related to wind-induced movement and
showed a rather random nature in forest due to the variability
of wind pattern in space and time. For this time scale, changes
in the electric properties of the canopy and the ground layer
can be ignored. The wind speed of 2 m/s already reduces the
performance of Pol-InSAR inversion dramatically by biasing
the volume decorrelation over the test site. Therefore, the wind
speed during the acquisition is the most critical parameter for
the amount of temporal decorrelation for short repeat-pass time.
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TanDEM-X Pol-InSAR Performance
for Forest Height Estimation
Florian Kugler, Daniel Schulze, Irena Hajnsek, Fellow, IEEE, Hans Pretzsch, and
Konstantinos P. Papathanassiou, Fellow, IEEE
Abstract—TanDEM-X and TerraSAR-X platforms form to-
gether the first spaceborne single-pass polarimetric interferom-
eter in space. This allows, for the first time, the acquisition of
spaceborne polarimetric synthetic aperture radar interferometry
(Pol-InSAR) data without the disturbing effect of temporal decor-
relation. This paper aims to assess the potential of such data for
forest applications. For this, single- and dual-pol data acquired
over a boreal, a temperate, and a tropical site were investigated
to characterize X-band penetration and polarization diversity of
the interferometric coherence measurements. Pol-InSAR forest
height inversion schemes have been proposed and implemented for
the single- and dual-pol cases and cross validated against LIDAR
reference measurements for all sites. The single-pol inversion relies
on an external ground digital terrain model (DTM) and performed
well for all sites with correlation coefficients r2 between 0.80 and
0.98. The dual-pol inversion does not require an external DTM
but depends on the visibility of the whole forest layer. Accordingly,
its performance varied with forest structure and season: The best
performance was achieved for the summer acquisition of the
boreal test site (r2 = 0.86) and for the winter acquisition of the
temperate test site (r2 = 0.77). For the tropical test site, only a
weak correlation (r2 =∼0.50) could be established.
Index Terms—Forest, forest height, forest parameter, inter-
ferometry, polarimetric synthetic aperture radar interferome-
try (Pol-InSAR), synthetic aperture radar (SAR), TanDEM-X,
TerraSAR-X, X-band.
I. INTRODUCTION
POLARIMETRIC synthetic aperture radar interferometry(Pol-InSAR) has been demonstrated to be a powerful radar
remote sensing technique for the quantitative estimation of
forest structure parameters [1]. The interferometric coherence
is directly related to the vertical distribution of scatterers. In
consequence, the coherent combination of single- or multi-
baseline interferograms at different polarizations allows the
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characterization of the vertical scattering structure of a volume
scatterer [1], [3], [4]. Indeed, forest height and structure pa-
rameter estimation from polarimetric single- and multibaseline
data acquired at lower frequencies (L- and P-bands) have been
successfully demonstrated in a series of airborne experiments in
natural, as well as commercial, boreal, temperate, and tropical
test sites for different stand and terrain conditions [3], [5]–[8].
However, when it comes to spaceborne repeat pass imple-
mentations, the inherent presence of temporal decorrelation
biases the interferometric coherence estimates, thus degrading
the sensitivity to vertical scattering structure and limiting the
performance of Pol-InSAR inversion techniques [5], [9]–[11].
Short-term decorrelation effects (for example, wind-induced
temporal decorrelation) affect Pol-InSAR acquisitions even at
short temporal baselines on the order of a few hours up to
a few days [5], [10]. This is the main reason why polari-
metric spaceborne missions such as Canadian Space Agency’s
RadarSAT-2 (C-band) or the Japanese Aerospace Exploration
Agency’s ALOS-PalSAR (L-band) could not essentially con-
tribute neither to a large-scale demonstration of Pol-InSAR
techniques nor to the development of new Pol-InSAR applica-
tions [10], [11].
The TanDEM-X (TDX, launched in June 2010) and
TerraSAR-X (TSX, launched in June 2007) platforms together
form the first single-pass polarimetric interferometer in space
and allow, for the first time, the acquisition of single-, dual-,
and quad-polarimetric Pol-InSAR data without the disturbing
effect of temporal decorrelation. Unfortunately, the fact that
vegetation extinction increases with frequency, reducing the
penetration into (and through) vegetation layers, makes X-band
a rather suboptimal choice for forest structure mapping, at least
in a global sense.
However, a number of InSAR experiments have indicated
that, in several cases—primarily in boreal and less dense for-
est environments—a rather surprising penetration into forest
and vegetation scatterers occurs [5]–[7], [12], [13]. This has
been supported by interferometric and radargrametric analy-
ses of spaceborne repeat pass data from TSX and COSMO-
SkyMed [14].
Pol-InSAR forest height inversion at X-band was first
demonstrated in the boreal zone on the basis of a single-
polarization interferometric acquisition and by fixing the ex-
tinction [7]. In [8], forest height inversion was performed
using dual-pol (HH and HV) interferometric acquisitions over a
number of pine stands in France. More recent experiments have
demonstrated the sensitivity of X-band interferometric mea-
surements on forest vertical structure attributes in temperate
0196-2892 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
2 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING
forests [12], [16], [17]. In tropical forests, one of the first
interferometric scattering models describing penetration and
backscattering at X-band was developed in [18] and [19] and
was used to interpret the observed coherence loss on emergent
trees in tropical rain forests. Finally, in [5], forest height estima-
tion over a tropical peat swamp forest was demonstrated using
a single-polarization interferometric acquisition and a LIDAR-
derived ground digital terrain model (DTM). These results have
triggered the interest to explore the potential and the limitations
of Pol-InSAR applications at X-band. TDX provides the unique
opportunity to systematically investigate Pol-InSAR data over
a wide range of forest sites under different seasonal and en-
vironmental conditions in order to improve the understanding
of vegetation scattering processes at X-band and to assess the
potential of Pol-InSAR techniques at this frequency band.
For this investigation, a number of single- and dual-pol
data acquired by TDX at different operation modes (briefly
described in Section II) and geometries over a number of forests
in different ecosystems have been evaluated. Three different
forest types representative for different forest ecosystems at
different seasons were investigated: a boreal forest (Krycklan,
64◦10′ north and 20◦01′ east), a temperate forest (Traunstein,
47◦52′ north, 12◦39′ east), and a tropical forest (Mawas, −2◦09′
south and 114◦27′ east). The test sites, the data sets, and the
calculation of the reference height, i.e., forest top height H100,
from LIDAR data are described in Section III. In order to draw
conclusions about the potential of TanDEM-X to derive forest
height by means of Pol-InSAR techniques, three important
questions need to be answered: The first one is the question
about the penetration of X-band into different forest types
and forest conditions. The second one is the question about
the role of polarimetry, i.e., about the degree of polarimetric
diversity of the interferometric measurements. Finally, the third
one is the question about how accurate (and how robust) forest
height can be estimated exploring the information content of
the polarimetric interferometric measurements. In Section IV,
the penetration of X-band into the forest volume and the polari-
metric diversity of the interferometric coherence measurements
are investigated. To accomplish this, the height of the scattering
center and the maximized polarimetric phase difference were
cross validated against forest top height H100 (estimated from
LIDAR data). In addition, here, seasonal differences in the
scattering behavior are discussed. In Section V, a single- and
a dual-pol Pol-InSAR inversion scheme are introduced. Forest
height inversion results for each test site and both inversion
scenarios are cross validated against LIDAR-derived reference
measurements in Section VI. Finally, the achieved results are
summarized and discussed in Section VII.
II. TanDEM-X INTERFEROMETRIC PARAMETERS
A. Interferometric Modes
TDX can operate in different interferometric configurations,
of which the most common are [20], [21] the following.
1) The pursuit monostatic mode, where the two satellites
(TDX and TSX) are independently operated and sepa-
rated by an along-track distance that induces a temporal
Fig. 1. Vertical wavenumber κZ as a function of orbit position (latitude) for
one orbit cycle (360◦) starting from the equator (0◦) in ascending orbit pass
for the 12 full-performance TDX beams in stripmap mode (beam “strip_003”
to beam “strip_014”). Each beam is associated with a certain look angle.
baseline. This configuration was used in the monostatic
commissioning phase of TDX with an along-track sepa-
ration on the order of 20 km that translated to a temporal
baseline of approximately 3 s.
2) The bistatic mode, where one of the two satellites (either
TDX or TSX) acts as a transmitter and both satellites
receive the scattered signal simultaneously, reducing the
temporal baseline to practically zero.
3) The alternating bistatic mode, where, similar to the con-
ventional bistatic mode, one satellite is transmitting and
both satellites simultaneously receive. However, in this
mode, the transmitter role is alternated between the two
satellites on a pulse-by-pulse basis. Accordingly, the
images acquired in the alternating bistatic mode allow
the formation of one interferogram corresponding to the
monostatic, i.e., to the “both antennas transmit–both an-
tennas receive” configuration, and one corresponding to
the bistatic, i.e., the “one antenna transmits–both antennas
receive” configuration, at the same time. The second
interferogram has half effective baseline of the first [20].
All three interferometric modes can be realized in stripmap,
ScanSAR, spotlight, and sliding spotlight imaging modes oper-
ated in a single- or a dual-polarimetric mode with look angles
ranging between 15◦ and 55◦ (20◦ and 41◦ for the 12 dedicated
full-performance stripmap beams) [22].
B. Effective Spatial Baseline
The performance of quantitative polarimetric interferometric
techniques critically depends on the effective spatial baseline
used for the interferometric acquisition(s). The parameter com-
monly used to express the effective spatial baseline is the
vertical wavenumber κZ approximated by
κZ = m
2πΔθ
λ sin(θ)
≈ m 2πB⊥
λ sin(θ)R
(1)
where Δθ is the angular separation of the two acquisitions
in the direction of the resolution cell, B⊥ is the effective
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Fig. 2. Development of the vertical wavenumber κZ as a function of mission time for beam strip_008 (look angle = ∼30.4◦) for the three test sites Krycklan
(latitude: 64◦10′), Traunstein (latitude: 47◦52′), and Mawas (latitude: −2◦19′) in ascending and descending orbit pass.
(perpendicular) baseline, θ is the local incidence angle, λ is
the used wavelength, R is the slant range distance, and m
accounts for the acquisition mode. For monostatic acquisitions,
m = 2, whereas for bistatic acquisitions, m = 1. The vertical
wavenumber κZ scales the interferometric phase to height. In
the case of TanDEM-X, the parameter used to express the
effective spatial baseline is the height of ambiguity HoA =
2π/κZ , i.e., the height that corresponds to an interferometric
phase change of 2π.
The TanDEM-X mission scenario and orbit parameters are
designed to fulfill the specification of the digital elevation
model (DEM) product. To accomplish this, the Earth’s total
landmass will be mapped at least twice, in two acquisition
periods, with heights of ambiguity ranging from 35 to 60 m.
Global DEM data acquisition with varying baselines will con-
tinue until 2014 [23].
During the mission time, the two satellites (TSX and TDX)
are flying in a close helix formation (for a detailed description,
see [20], [21], and [24]). The helix formation is characterized by
a steadily changing baseline over one orbit cycle. Fig. 1 shows
the development of the vertical wavenumber κZ for one orbit
cycle (360◦) for the 12 full-performance TDX beams (each as-
sociated to a different look angle) in the first acquisition period
(from September 8, 2011). The simulation of the orbit cycle
starts from the equator (0◦ latitude) in an ascending orbit pass,
goes across the North Pole (90◦ latitude), changes to a descend-
ing orbit pass, crosses the equator in a descending orbit pass (0◦
latitude), passes the South pole (−90◦ latitude), changes again
to an ascending orbit pass, and crosses the equator again in an
ascending orbit pass (0◦ latitude). During one orbit cycle, κZ
goes twice down to zero (no height sensitivity). This happens,
depending on the used beam, in the northern hemisphere be-
tween 35◦ and 75◦ latitudes for the descending orbit pass and in
the southern hemisphere between −40◦ and −80◦ latitudes for
the ascending orbit pass. Meaningful (sensitive) acquisitions,
as required for a successful height inversion, start from κZ >
0.05 rad/m [10]. This means that, for the baseline configuration
as displayed in Fig. 1, areas between 35◦ and 75◦ latitudes can
be only covered with a sensitive κZ in the ascending orbit pass,
whereas the areas between −40◦ and −80◦ latitudes can be only
covered with a sensitive κZ in the descending orbit pass. For all
other areas, too, high or too low κZ values can be avoided by a
proper selection of the beam (look angle). Decreasing the look
angle increases κZ and vice versa.
Fig. 2 shows a plot of the development of κZ as a function
of mission time for the years 2011 and 2012 (roughly covering
the two acquisition periods) for the three test sites Krycklan,
Traunstein, and Mawas (representing different arguments of
latitude) in ascending and descending orbit pass. The plot was
done for beam “strip_008,” which corresponds to a look angle
of ∼30.4◦.
The first acquisition period started in the beginning of
February 2011. The abrupt increase in κZ at the beginning of
April 2012 indicates the change between the first and second
acquisition periods of the TDX mission. All other small peaks
result from orbit adjustments due to acquisition needs.
For the Mawas site, which is located close to the equator, the
difference in κZ between the ascending and descending orbit
passes is small (red and orange lines in Fig. 2). However, for the
Krycklan site (light blue and dark blue lines in Fig. 2) and the
Traunstein site (light green and dark green lines in Fig. 2),
the difference between the ascending and descending κZ is
large. In the descending orbit pass, κZ was mostly lower than
0.05 rad/m for both sites. Only the Traunstein site could be
covered with vertical wavenumbers larger than 0.05 rad/m from
April 2012 until November 2012 in the descending orbit pass.
During the first acquisition period, almost all tests sites could
be acquired, in ascending mode, with baselines appropriate
for forest structure investigation (i.e., HoA > maximum forest
height). Only for the Traunstein site was κZ too large to cover
the prevailing forest heights on the ground, but this problem
could be overcome by choosing an acquisition at a larger inci-
dence angle. In the second acquisition period, all test sites could
be acquired, in ascending mode, with effective baselines that are
in general too large (κZ > 0.2 rad/m, corresponding to HoAs
< 31 m) to provide the sensitivity required for forest structure
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estimation (coherence mostly insensitive). More appropriate
baselines (with κZ values below 0.2 rad/m) appeared only
after November 2012. In addition, here, acquisitions at larger
incidence angles would decrease κZ .
The plot in Fig. 2 is limited to a single beam, and there was
still potential to optimize κZ by a proper selection of the look
angle. However, it shows also that a careful planning of an
acquisition is necessary if a certain κZ is required.
III. TEST SITES AND DATA SETS
In this paper, data from three forest sites representative of
three key forest ecosystems (i.e., boreal, temperate, and tropi-
cal) characterized by very different forest and terrain conditions
were used. All sites have been used in the past as test sites
for airborne Pol-InSAR experiments. Actual airborne LIDAR
measurements were available.
Cross validation was done on stand level homogeneous forest
areas with a mean size of ∼3–5 ha. Every stand is represented
by its mean value. This is necessary to compensate for the
residual spatial misregistration between SAR and LIDAR ref-
erence data, occurring when georeferencing both data sets. Of
course, this averaging also reduces the variation of the obtained
estimates.
From the LIDAR data, the forest canopy top height H100 was
calculated and used as a reference. H100 is a standard parameter
in forest mensuration and is defined as the mean height of
the largest 100 trees per hectare [25]. H100 is considered to
represent the upper height of the tree crowns in a forest.
Airborne LIDAR penetrates into the forest and therefore
underestimates the top vegetation height [14], [15], [25]. An
estimate of the forest top height H100 was obtained by taking
the maximum LIDAR vegetation height within a 10 m × 10 m
window. This allows compensating for the underestimation of
the LIDAR forest height estimates [5], [27]. This method has
been successfully used for small footprint (∼15-cm diameter)
airborne LIDAR systems with ∼1 to ∼4 hits per square meter.
Even if the LIDAR and radar measurements were up to three
years/growth periods apart, a proper cross validation was still
possible as maximum possible forest height growth for this time
period was, for most forest stands, on the order of ∼1 m or
even below (see test site descriptions in Section III-A and B).
Therefore, forest height changes due to growth were neglected
in the cross validation. Large areas of wood harvest or naturally
destroyed forest areas (caused by wind throw or forest fires)
clearly appear as outliers in the validation plots.
The TDX data sets available and used for each site are
summarized in Table I. The test sites are described in the
following sections.
A. Krycklan Test Site
The Krycklan forest is located in central Sweden (64◦10′
north and 20◦01′ east) and represents typical forest conditions
for Scandinavian boreal forest systems. It is a managed forest
with a mean forest height of 18 m and a mean biomass level
of 90 t/ha. Maximum forest height measured is 30 m with a
biomass of 220 t/ha. The forest is dominated by coniferous
tree species (Norway spruce and Scots pine) with fractions of
TABLE I
SUMMARY OF USED TDX AND E-SAR DATA
birch. The site has a hilly topography characterized by moderate
slopes and a height variation between 20 and 400 m above mean
sea level (AMSL).
Airborne LIDAR measurements were collected in late sum-
mer 2008. For cross validation, 252 homogeneous stands with
a mean stand size of 3 ha were chosen. In terms of TDX data
sets, three acquisitions were analyzed. One dual-pol (HH and
VV) pursuit monostatic acquisition from July 2010 acquired
with a 32◦ look angel from an ascending orbit (see Fig. 3),
and two bistatic single-pol (HH) acquisitions acquired with a
19◦ look angle from a descending orbit in December 2010 and
June 2011, respectively. All data were acquired in the stripmap
mode.
The time between the LIDAR data acquisition and the last
TDX data acquisition comprised three growth periods. The
maximum height growth for this time period is ∼1.2 m (0.4 m
per year), but only for trees with an age between 20 and 40 years
(∼13 m high) [28]. For all other trees (age classes), forest
growth is below 1 m. Forest growth of approximately 1 m is
below the sensitivity of the used methods and can therefore be
neglected for cross validation at this site. For the cross vali-
dation of model-based forest height estimates (see Section V),
only two growth periods need to be considered.
Fig. 3(a) shows the VV amplitude image of the July 2010
acquisition. The image dimension is approximately 18 km ×
50 km. In Fig. 3(b), the interferometric coherence image is
shown scaled from 0 (black) to 1 (white), and in Fig. 3(c) on the
right, the associated TDX DEM is shown. The area covered by
the LIDAR measurements is indicated by the black rectangle.
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Fig. 3. Krycklan test site (July 28, 2010 acquisition). (a) VV amplitude image; the area covered by the LIDAR measurements is indicated by the black rectangle.
(b) VV interferometric coherence scaled from 0 (black) to 1 (white). (c) TDX DEM scaled from 20 m (dark green) to 400 m (white). Image dimension:
∼18 km (range) × ∼50 km (azimuth).
B. Traunstein Test Site
The Traunstein site is located in the southeast of Germany
(47◦52′ north, 12◦39′ east), east of the town Traunstein, in the
prealpine moraine landscape of southern Germany.
The climatic conditions favor temperate mixed mountainous
forest stands, dominated by Norway spruce, beech, and fir. It is
a managed forest composed of even-aged stands (mainly older
forest parts) and mixed uneven-aged stands (mainly younger
forest parts) with forest heights from 10 up to 40 m and higher.
Mean biomass level is on the order of 210 t/ha; individual
old forest stands can reach biomass levels up to 600 t/ha
(above average compared with other temperate forests). The
topography of the site varies from 530 to 650 m AMSL, with
only a few steep slopes.
Airborne LIDAR height measurements were performed in
the summer of 2008. For cross validation, 22 homogeneous
stands with a mean stand size of ∼3 ha were chosen. In terms
of TDX, only one stripmap bistatic dual-pol (HH and VV)
acquisition acquired with a 42◦ look angle from an ascending
orbit in January 2012 was investigated. During the acquisi-
tion, the scene was covered with an ∼0.3-m-thick snow layer.
Additionally, an airborne summer acquisition from June 2009
acquired at X-band in a single-pass interferometric mode in
VV polarization by the E-SAR system of DLR [29], [30]
was analyzed to evaluate differences in backscattering between
summer and winter conditions. Here, as in the Krycklan test
site, the time difference between the LIDAR data acquisition
and the TDX data acquisition comprised three growth periods.
Under the growth conditions in Traunstein, the maximum
height growth within three years is ∼1.9 m (0.63 m per year) for
trees in the age between 20 and 40 years (∼17 m high), reduces
to ∼0.9 m for trees in the age of 60 years (∼30 m high), and
reduces even more for trees older than 80 years [28]. As most of
the validation stands were larger than 20 m and forest growth
of ∼1 m is below the sensitivity of the used methods, forest
growth was neglected for cross validation at this site.
Fig. 4(a) shows the VV amplitude image of the TDX data.
The image dimension is approximately 18 km × 15 km. In
Fig. 4(b), the interferometric coherence image is shown scaled
from 0 (black) to 1 (white), and in Fig. 4(c) the associated TDX
DEM is shown. The area covered by the LIDAR measurements
is indicated by a black rectangle.
C. Mawas Test Site
The Mawas site is an Indonesian forest conservation area
located in Central Kalimantan (−2◦09′ south and 114◦27′ east).
It is covered with a tropical peat swamp forest that is still
marked by strong logging activities carried out in the early 90s
of the last century. Logging tracks are still visible today—on
the ground and on the LIDAR and SAR data. Two forest types
can be distinguished in the test site, namely, riverine forest in
the proximity of the river and peat swamp forest covering the
rest of the scene (see Fig. 5).
Typical for the Mawas site is the distinct change between
dry and wet seasons: At the end of the wet season, the forest
is widely flooded, whereas at the peak of the dry season, the
trees partly drop off their leaves to endure the lack of water
[5]. Forest height reaches up to 30 m; the mean biomass is
around 200 t/ha with maximum values up to 300 t/ha. The
terrain topography is rather flat and slowly varies from 5 to 50 m
AMSL across the whole scene. A detailed description of the
Mawas test site is given in [5] and [31].
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Fig. 4. Traunstein test site (August 25, 2011 acquisition). (a) VV amplitude image; the area covered by the LIDAR measurements is indicated by the black
rectangle. (b) VV interferometric coherence scaled from 0 (black) to 1 (white). (c) TDX DEM scaled from 250 m (dark green) to 1800 m (white). Image
dimension: ∼18 km (range) × ∼15 km (azimuth).
Fig. 5. Mawas test site (August 25, 2011 acquisition). (a) VV amplitude image; the area covered by the LIDAR measurements is indicated by the black
rectangle. (b) VV interferometric coherence scaled from 0 (black) to 1 (white). (c) TDX DEM scaled from 5 m (dark green) to 50 m (white). Image dimension:
∼20 km (range) × ∼20 km (azimuth).
In August 2011, airborne LIDAR measurements were per-
formed with a swath width of about 500 m crossing the TDX
images. The LIDAR strip was divided for cross validation into
100 parts of equal size with an area of ∼4.5 ha, and each part
is assigned one H100 value. For this site, a time series of four
stripmap bistatic dual-pol (HH and VV) acquisitions acquired
with a 31◦ look angle from a descending orbit in summer and
late autumn/winter 2012 has been investigated.
The first acquisition is from August 25, 2011 (peak of dry
season), followed by three acquisitions separated by 11 days
on December 13 (start of the rainy season), December 24, and
January 4, 2012. LIDAR measurements and TDX acquisitions
took place in the same year so that no significant forest changes
between the LIDAR and TDX acquisitions are expected.
Fig. 5(a) shows the VV amplitude image from the August
2011 acquisition. The image dimension is approximately
20 km × 20 km. In Fig. 5(b), the interferometric coherence
image is shown scaled from 0 (black) to 1 (white), and Fig. 5(c)
shows the associated TDX DEM. In the DEM, the flatness
of the area becomes obvious; the largest height changes are
induced by changes in vegetation height. The area covered by
the LIDAR measurements is indicated by the black rectangle.
IV. X-BAND FOREST HEIGHT ESTIMATION PERFORMANCE
Feasibility and performance of forest Pol-InSAR applica-
tions at X-band critically depend on two effects.
1) The capability of X-band to penetrate into and through
the forest: The penetration is required in order to “see”
enough from the forest volume: The maximum vegetation
height that can be resolved is given by the penetration
depth. With further increasing height, the interferome-
ter does not see anymore the whole volume, and the
height estimation “saturates.” The penetration capability
depends in general on the density and dielectric properties
of the forest/canopy layer. Both parameters vary spatially
and in time for many forest types in a seasonal cycle.
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Fig. 6. Krycklan test site validation plots: phase center height versus LIDAR
forest height for different polarizations, look angles, and seasons. (a) HH
polarization acquired in July 2010 with look angle = 32◦. (b) VV polarization
acquired in July 2010 with look angle = 32◦. (c) HH polarization acquired in
June 2011 with look angle = 19◦. (d) HH polarization acquired in December
2010 with look angle = 19◦.
2) The dependence of the interferometric coherence (in am-
plitude and phase) on the polarization(s) of the images
is used to form the interferogram. This again depends on
the polarimetric properties of the individual scatterers and
their distribution in height. Reduced polarization depen-
dence indicates a limit in the information content of the
Pol-InSAR observation space, reducing the value of the
polarimetric diversity in interferometric measurements.
Both effects are investigated in the following sections.
A. Penetration Depth
In order to establish the penetration depth in the forest vol-
ume, the height difference between the available LIDAR DTM
and the X-band DEM (corresponding to the interferometric
phase center height) was estimated for each TDX data set for
all stands available in the three test sites and plotted against
the individual LIDAR H100 forest height. For each plot, the
correlation coefficient, i.e., r2, and the mean penetration depth
were calculated.
1) Krycklan Test Site: The plots for the Krycklan site are
shown in Fig. 6. Fig. 6(a) corresponds to the HH polarization
of the (monostatic) summer (July 2011) acquisition with a 32◦
look angle, and Fig. 6(b) corresponds to the VV polarization of
the same acquisition. For both polarizations, the phase center
height is close to half the forest height, indicating a low extinc-
tion level for this test site. The comparison of the plots makes it
clear that the HH phase centers, characterized by a penetration
Fig. 7. Krycklan test site phase center heights comparison. (a) HH polar-
ization acquired in July 2010 with look angle = 32◦ versus HH polarization
acquired in June 2011 with look angle = 19◦. (b) HH polarization acquired in
July 2010 with look angle = 32◦ versus HH polarization acquired in December
2010 with look angle = 32◦; Alfa is the significance, a value between 0 and 1.
A small value (up to 0.01) indicates significantly different means. Diff is the
mean difference in meters between the two phase center heights.
depth of 8.3 m, are, on average, located 0.5 m “deeper” than the
corresponding VV phase centers, characterized by a penetration
depth of 7.8 m.
This difference can be interpreted by a (slightly) higher
ground contribution in the HH polarization than in the VV
polarization.
Fig. 6(c) corresponds to the HH polarization of the second
(bistatic) summer (June 2011) acquisition acquired at a steeper
look angle of 19◦. The phase centers are located at comparable
heights as in the July acquisition [see Fig. 6(a)] acquired with a
shallower 32◦ look angle at comparable penetration depth levels
(8.5 m at 19◦ look angle in June versus 8.3 m at 32◦ look angle
in July). The small difference in penetration between the two
look angles implies that this look angle difference of 13◦ has a
rather minor effect on the location of the scattering centers.
Fig. 6(d) corresponds to the HH polarization of the December
2010 acquisition acquired with the same mode and geome-
try (i.e., 19◦ look angle) as the June 2011 acquisition [see
Fig. 6(c)]. The comparison of the winter and summer plots [see
Fig. 6(c) and (d)] shows a significant lower phase center loca-
tion, indicating a larger penetration in the winter (10.8 m) than
in the summer (8.3 m). A possible interpretation is an increased
ground scattering contribution as a consequence of the frozen
vegetation conditions (decreased vegetation dielectric constant)
combined with the loss of leaves. Both effects decrease volume
attenuation.
Fig. 7(a) shows a plot of phase center heights in HH polar-
ization acquired in July 2010 with a 32◦ look angle versus the
phase center heights in HH polarization acquired in June 2011
with a 19◦ look angle, and Fig. 7(b) shows a plot of phase
center heights in HH polarization acquired in July 2010 with
a 32◦ look angle versus the phase center heights in HH po-
larization acquired in December 2010 with a 32◦ look angle.
The significance of the difference in phase center height was
tested with the t-test (Student’s t distribution). The difference
of the phase center heights between 19◦ and 32◦ look angles
appears not to be significant, but the difference of the phase
center heights between the July and December acquisitions is
highly significant.
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
8 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING
Fig. 8. Traunstein test site validation plot: phase center height versus LIDAR
forest height. (a) TDX data in HH polarization acquired in January 2012
with a 45◦ incidence angle. (b) TDX data in VV polarization acquired in
January 2012 with a 45◦ incidence angle. (c) E-SAR airborne data in VV
polarization acquired in June 2009 (plot is color-coded according to the mean
incidence angle of the stands). (d) Phase center heights comparison: E-SAR
VV polarization acquired in June 2009 versus TDX VV polarization acquired
in January 2012 with a 45◦ incidence angle (plot was color-coded according
to the mean incidence angle of the stands in the E-SAR acquisition). Alfa is
the significance, a value between 0 and 1. A small value (up to 0.01) indicates
significantly different means. Diff is the mean difference in meters between the
two phase center heights.
2) Traunstein Test Site: The phase center height plots for the
single acquisition over the Traunstein site acquired in January
2012 are shown in Fig. 8. Fig. 8(a) shows the HH and Fig. 8(b)
the VV phase center heights plotted against the forest height
for each available validation stand. Similar to the observations
in Krycklan, in Traunstein, the HH polarization phase centers
characterized by a 12-m mean penetration depth are located,
on average, 0.9 m closer to the ground than the VV phase
centers (characterized by an 11.1-m penetration depth). In the
absence of a suitable TanDEM-X summer acquisition, a data set
acquired by the airborne E-SAR system of DLR in June 2009
was used to evaluate the seasonal behavior of the site.
The corresponding phase center height plot is shown in Fig. 8(c)
(the plot is color-coded according to the mean incidence angle
of the stands) and indicates about 2 m higher located phase
centers (characterized by a 9.1-m penetration depth). This
underlines again the different penetration depths in summer and
winter. However, compared with the Krycklan site, the phase
center height is located in Traunstein—even in winter—clearly
above the half forest height reflecting the denser forest condi-
tions of this test site.
A direct comparison between the phase center heights of
the TDX acquisition from January 2012 and the phase center
Fig. 9. Mawas test site validation plot: phase center height versus LIDAR
forest height in HH polarization. (a) August 25, 2011. (b) December 13, 2011.
(c) December 24, 2012. (d) January 4, 2012. (Blue dots) Riverine forest.
(Red dots) Peat swamp forest.
heights of the E-SAR acquisition from June 2009 is shown in
Fig. 8(d) (the plot is color-coded according to the mean inci-
dence angle of the stands in the E-SAR acquisition; incidence
angle in the TDX acquisition was considered constant). The
t-test indicates that the difference in phase center height is highly
significant. Only stands with a steeper incidence angle in the
E-SAR acquisition than in the TDX acquisition have a higher
phase center height in the winter than in the summer (35◦ in
case of E-SAR versus 45◦ in case of TDX). In this constellation,
the incidence angle seems to affect the position of the phase
center height. A steeper incidence angle seems to lower
the phase center height, i.e., allowing a deeper penetration.
However, here, the results need to be carefully interpreted as
incidence angle effects and seasonal effects mix up.
3) Mawas Test Site: The phase center height plots for the
four available bistatic acquisitions (see Table I), i.e., one ac-
quired in summer 2011 (dry season) and three in winter 2011–
2012 (at the beginning of the wet season), are shown in Fig. 9
for the HH polarization and in Fig. 10 for the VV polarization.
The penetration depth changed only marginally from acqui-
sition to acquisition and between polarizations. However, there
seems to be a decrease in penetration depth between wet and dry
seasons. In addition, for the Mawas site, the height of the phase
center was with penetration depths ranging from 8.5 m (VV
polarization from January 4, 2012) to 9.4 m (VV polarization
from August 25, 2011) clearly below the forest canopy.
In the phase center height plots (see Figs. 9 and 10), the two
forest types (riverine forest and peat swamp forest) of the scene
can be clearly identified.
The riverine forest is displayed with blue dots in Figs. 9 and
10, and the peat swamp forest is displayed with red dots.
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Fig. 10. Mawas test site validation plot: phase center height versus LIDAR
forest height in VV polarization. (a) August 25, 2011. (b) December 13, 2011.
(c) December 24, 2012. (d) January 4, 2012. (Blue dots) Riverine forest.
(Red dots) Peat swamp forest.
B. Polarimetric Diversity
The polarimetric diversity of the interferometric coherence is
established by the coherence region concept [1]. In the case of
a dual-pol InSAR configuration operating in HH and VV, a 2-D
scattering vector k
⇀
1 = [S
1
HH S
1
VV]
T and k
⇀
2 = [S
2
HH S
2
VV]
T is
acquired at each end of the (spatial) baseline, where SiJJ are the
copolarized (complex) scattering amplitudes of the correspond-
ing scattering matrix. The scattering amplitude S(w⇀) of any
polarization state w⇀ in the 2-D subspace defined by SHH and
SVV can be defined by the projection of the scattering vector k⇀
on the unitary complex vector w⇀ as [1]
S1(w
⇀
) := w
⇀+ · k⇀1 S2(w⇀) := w⇀+ · k⇀2. (2)
The interferometric coherence is then given by
γ˜(κz, w
⇀
) =
w
⇀+ [Ω12(κz)]w
⇀√(
w⇀+[T11]w
⇀
)(
w⇀+[T22]w
⇀
) (3)
where
[Ω12(κz)] :=
〈
k
⇀
1 · k⇀T2
〉
[T11] :=
〈
k
⇀
1 · k⇀T1
〉
[T22] :=
〈
k
⇀
2 · k⇀T2
〉
.
Using its polar form, the interferometric coherence γ˜(κZ , w⇀)
can be represented on the unit circle (see Fig. 11) by a point with
radius 0≤|γ˜(κZ , w⇀)|≤1 and phase ϕ=arg{γ˜(κZ , w⇀)} [4].
The region on the unit circle defined by the loci of the
interferometric coherences γ˜(κZ , w⇀i) for all possible w⇀i is
called the coherence region (red ellipse in Fig. 11) and is used
to interpret the polarimetric interferometric signature of the
Fig. 11. (Red ellipse) Unit circle with coherence region. (Blue dot)
γ˜Vol(w
⇀
max). (Green dot) γ˜Vol(w⇀min). (Black dot) ground phase ϕ0. (Double-
headed arrow) Maximum phase difference Δϕ.
Fig. 12. Krycklan test site validation plot: polarimetric phase height Δh
difference versus LIDAR forest height for the TDX dual-pol acquisition from
July 2010.
underlying scatterer. The radial extent of the coherence region
indicates the variation of the absolute value of the interfero-
metric coherence as a function of polarization. The angular
extent of the coherence region indicates the variance of the
interferometric phase (center) as a function of polarization. The
maximum phase difference Δϕ established by the coherence
region indicates the maximum variation of the interferomet-
ric phase (center) obtained by changing the polarization of
the images used to form the interferogram, and it can be
converted to a (baseline independent) height difference Δh
by scaling with the vertical wavenumber, i.e., Δh = Δϕ/κz .
Large Δϕ values indicate the presence of (polarized) scattering
contributions at different heights within the scattering volume.
However, a note of caution is required when interpreting the
interferometric coherence on the unit circle: the estimation of
both the absolute value and the argument of the interferometric
coherence is affected by an inherent variance defined by the
(absolute) coherence value and the number of looks used for its
estimation [33].
1) Krycklan Test Site: In Fig. 12, the maximum phase dif-
ference Δϕ (scaled to a maximum height difference Δh) es-
timated from the dual-pol July 2010 acquisition (see Table I)
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Fig. 13. Traunstein test site validation plot: polarimetric phase height dif-
ference Δh versus LIDAR forest height for the dual-pol acquisition from
January 2012.
is plotted against the LIDAR-derived H100 (i.e., top forest
height) for each of the validation stands in Krycklan. The
height difference Δh increases with increasing forest height
(2–3 m in 10-m-tall stands to 6–8 m in 25-m-tall stands), which
points, as expected, to a larger height difference between the
interferometric phase centers in higher stands than in lower. At
the same time, with increasing forest height, the variance of the
polarimetric distance increases due to the variation in density.
2) Traunstein Test Site: The corresponding plot for the
Traunstein site, i.e., the maximum height difference Δh es-
timated from the dual-pol acquisition of January 2012 (see
Table I), for each validation stand plotted against the corre-
sponding LIDAR derived H100, is shown in Fig. 13. Also in
this case Δh (and its variance) increases with increasing forest
height: 2 m to 4 m for forest stands with heights between 10 m
to 20 m up to 8 m to 10 m for stands of about 35 m.
3) Mawas Test Site: Finally, the maximum height difference
Δh estimated for each validation stand plotted against the
corresponding LIDAR-derived H100 for the Mawas site for all
four available dual-pol acquisitions (see Table I) is shown in
Fig. 14. Fig. 14(a) corresponds to the August acquisition in the
dry season, Fig. 14(b) and (c) corresponds to the acquisition
from December 13 and 24, 2011, and Fig. 14(d) corresponds to
the acquisition from January 4, 2012, of the wet season.
Compared with the European test sites, the dependence of
Δh on forest height was less pronounced in the Mawas case.
The two forest classes (riverine forest = blue dots in Fig. 14
and peat swamp forest = red dots in Fig. 14) separated in the
phase center height plots can be also separated in the Δh plots.
In the dry period (August acquisition), Δh is about 2 m
for the lower forest parts (< 10 m) and 3–4 m for the higher
forest parts (> 20 m). In the rainy season (December and
January acquisitions), Δh increases for all forest heights by
approximately 1 m: Δh is now about 3 m for the lower forest
parts and 4–5 m for the higher forest parts. Δh is stable for all
three acquisitions in the rainy season (i.e., the two in December
and the one in January). Compared with the European test sites
(Krycklan and Traunstein), Mawas is characterized by smaller
Δh levels, particularly for the taller forest fractions.
Fig. 14. Mawas test site validation plots: polarimetric phase height difference
Δh versus LIDAR forest height. (a) August 25, 2011. (b) December 13, 2011.
(c) December 24, 2012. (d) January 4, 2012. (Blue dots) Riverine forest
(Red dots) Peat swamp forest.
V. DATA INVERSION
Having established the two main preconditions, i.e., suffi-
cient penetration into the forest volume and the polarimetric
diversity of the interferometric coherence measurements over
all test sites, the inversion of Pol-InSAR TDX data is discussed
here. In forest Pol-InSAR applications, the volume decorrela-
tion contribution of the interferometric coherence γ˜Vol(κZw⇀)
measured at a given spatial baseline κZ and at a given polar-
ization w⇀ can be modeled in terms of a two-layer model, the
so-called random volume over ground (RVoG) model. Accord-
ingly, the RVoG model consists of a polarization-independent
vertical distribution of scatterers fV (z) that accounts for the
forest canopy (scattering and propagation) contribution and a
Dirac-like component mG(w⇀)δ(z − z0) that accounts for the
direct and dihedral (scattering) contribution(s) of the underlying
ground [1]–[3], [34]. For monostatic configurations
γ˜Vol(κZ ,−→w ) = exp(iϕ0) γ˜V (κZ) +m(w
⇀
)
1 +m(w
⇀
)
(4)
with
γ˜V (κZ) =
∫ hv
0 fV (z) exp(iκZz
′)dz′∫ hv
0 fV (z)dz
′
where hV is the top height of the forest volume correspond-
ing to the forest top height H100, ϕ0 = κZz0 is the phase
related to the ground topography z0, and m(−→w ) = mG(w⇀)/∫ hv
0 fV (z)dz
′ is the effective ground-to-volume amplitude ra-
tio. In the case of bistatic configurations, the direct and dihedral
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contributions of the underlying ground are no longer equivalent
[1], [35]: While the direct ground contribution remains deter-
ministic (i.e., associated to a coherence that, after range spectral
filtering, is equal to 1), the dihedral contribution becomes
distributed in height and thus affected by volume decorrelation
γ˜Vol(κZ , w
⇀)=exp(iϕ0)
γ˜V (κZ)+mS(w
⇀)+mD(w
⇀) sin(κZhv)(κZhv)
1+mS(w
⇀
)+mD(w
⇀
)
(5)
where mS is the direct ground (surface) contribution, and mD is
the dihedral scattering contribution. However, the small bistatic
angle of TanDEM-X combined with the rather low dihedral
scattering contributions at X-band (when compared with lower
frequencies) legitimatizes the use of (4) instead of (5).
Different parameterizations of the vertical distribution of
scatterers in the vegetation layer fV (z) have been proposed
and used in literature. A widely and very successfully used
approach—particularly at higher frequencies—is to assume an
exponential distribution of scatterers [4], [6], [7], [12], i.e.,
fV (z) = exp (2σz/ cos(θ0)) (6)
where σ describes the shape of the vertical distribution of scat-
terers, but it can be also interpreted as a mean extinction value
that defines the attenuation rate of the vegetation layer. The
high attenuation regime at X-band allows both interpretations,
making the validation of σ ambiguous, particularly at the rather
high spatial resolution scale of the TanDEM-X data.
The challenge now is the estimation of forest height hV
or other associated structure parameters used to parameterize
fV (z) from γ˜Vol(κZ , w⇀) measurements at different polariza-
tions and (spatial) baselines by means of (4). The achieved
performance critically depends on two steps. The first step
is the estimation of the volume decorrelation contribution
γ˜Vol(κZ , w
⇀
) from the overall measured interferometric coher-
ence by compensating for all other (nonvolumetric) decorrela-
tion contributions. The second step is to establish a balanced
and well-conditioned inversion problem based on the avail-
able observation space, introducing—if required—additional
assumptions and/or external information. Both steps for the
TDX case will be discussed in the next sections.
A. Coherence Calibration
A detailed overview of the relevant decorrelation contribu-
tions occurring in the case of TDX is provided in [20]. In the
bistatic TDX mode, after range spectral filtering [36], the main
nonvolumetric decorrelation contribution that has to be com-
pensated is the additive noise decorrelation γSNR. The standard
TDX data products [22] contain the noise equivalent sigma
zero (NESZ) patterns for each channel in the form of a set of
polynomial coefficients for one range line. Every ∼1.5- to ∼2-s
azimuth time (acquisition dependent), a new set of polynomial
coefficients is provided. They depend on the beam used for the
acquisitions, the polarization, and the satellite. Fig. 15 shows
an example of the NESZ pattern for the beam strip_008 at HH
and VV polarizations for TDX and TSX (from the Krycklan
monostatic acquisition on July 28, 2010). TDX has, in near and
far ranges [∼−22 dB; see Fig. 15(a) and (b)], about 1 dB lower
Fig. 15. Noise pattern for both polarizations of both satellites: five mea-
surements along azimuth per channel (example monostatic acquisition over
Krycklan on July 28, 2010, beam strip_008). (a) TDX HH polarization.
(b) TDX VV polarization. (c) TSX HH polarization. (d) TSX VV polarization.
noise level than TSX [∼−21 dB; see Fig. 15(c) and (d)]. The
difference in midrange is below ∼0.5 dB. The noise level of
TDX in HH polarization is nearly identical with the noise level
in VV polarization [see Fig. 15(a) and (b)]. In case of TSX, the
noise level in midrange is about 0.3 dB lower in the HH channel
[∼24.5 dB; see Fig. 15(c)] than in the VV channel [−24.2 dB;
see Fig. 15(d)].
For each channel, the signal-to-noise ratio (SNR) can be
calculated by using the corresponding NESZ pattern and es-
timating the backscattering coefficient sigma nought σ0, i.e.,
SNRPol Sat = σ
Pol Sat
0 − NESZPol Sat
NESZPol Sat
(7)
where Pol indicates the polarization channel, and Sat is TDX
or TSX. The SNR-induced decorrelation in the corresponding
TDX interferogram is then obtained as [33]
γPolSNR =
1√(
1 + 1SNRPol TSX
)(
1 + 1SNRPol TDX
) (8)
and is used to calibrate the interferometric coherence: γ˜Vol(κZ ,
Pol) = γ˜(κZ ,Pol)/γPolSNR. Fig. 16(a) and (c) shows the his-
tograms of the obtained γPolSNR for the HH and VV polarizations,
and Fig. 16(b) and (d) shows the histograms of the interferomet-
ric coherence before (red) and after (blue) correcting for γPolSNR
for the Krycklan monostatic acquisition (July 28, 2010).
The mean noise decorrelation is about 0.95 for the HH
channel and 0.93 for the VV channel and needs to be corrected
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Fig. 16. Noise decorrelation (example monostatic acquisition over Krycklan
on July 28, 2010). (a) Histograms of noise decorrelation γHHSNR. (b) Histograms
of the interferometric coherence before (red) and after (blue) γHHSNR correction
in HH polarization. (c) Histograms of noise decorrelation γVVSNR. (d) His-
tograms of the interferometric coherence before (red) and after (blue) γVVSNR
correction in VV polarization.
for a successful Pol-InSAR height inversion [10]. After γPolSNR
compensation, the interferometric coherences are ready to be
used for inversion.
B. Dual-Pol Inversion
In the case of a dual-polarimetric TDX acquisition, the pa-
rameterization of the two interferometric coherences in terms of
(4) requires five parameters: the forest height hV , the extinction
σ, the ground topography phase ϕ0, and the two ground-to-
volume amplitude ratios m(w⇀), one for each polarization. A
balanced inversion problem can be achieved by assuming a
zero ground-to-volume amplitude ratio for at least one polar-
ization [3], [4]. In order to estimate the interferometric co-
herence with the minimum ground contribution γ˜(κZ , w⇀min),
the assumption that the coherence region of the RVoG model
is a straight line along the ground-to-volume amplitude ra-
tio m(w⇀) is used. The 2-D coherence region is calculated,
and the two extreme interferometric coherences γ˜(κZ , w⇀max)
and γ˜(κZ , w⇀min) are estimated—associated to the polarization
states w⇀max and w⇀min characterized by the maximum and min-
imum ground contributions—and are then used for inversion
assuming m(w⇀min) = 0, i.e.,
min
hv,σ,m,ϕ0
∥∥∥∥[ γ˜(κZ , w⇀max)e−iϕ0γ˜(κZ , w⇀min)e−iϕ0
]
−
[
γ˜V (κZ , hV , σ,m)
γ˜V (κZ , hV , σ,m = 0)
]∥∥∥∥ . (9)
The phase exp(iϕ0) corresponding to the ground topog-
raphy is obtained by the intersection of the line defined by
γ˜(κZ , w
⇀
min) and γ˜(κZ , w⇀max) and the unit circle moving from
γ˜(κZ , w
⇀
min) to γ˜(κZ , w
⇀
max) [1], [4], i.e.,
ϕ0 = arg {γ˜(κZ , w⇀max)− γ˜(κZ , w⇀min)(1− F )} (10)
with F = (−B −√B2 − 4AC)/(2A), coefficient A = |γ˜(κZ ,
w⇀min)|2−1, coefficient B=2Re{[γ˜(κZ , w⇀max)−γ˜(κZ , w⇀min)]
γ˜∗(κZ,w
⇀
min)}, and coefficientC= |γ˜(κZ,w⇀max)−γ˜(κZ,w⇀min)|2.
C. Single-Pol Inversion
The standard DEM mode of TDX is, however, a single-pol
mode operated in HH (or VV) polarization. In the case of
a single-polarimetric acquisition, the parameterization of the
measured interferometric coherence in terms of (4) requires
four parameters: the forest height hV , the extinction σ, the
ground topography phase ϕ0, and the ground-to-volume am-
plitude ratio m(w⇀). The assumption of no ground contribution,
i.e., of zero ground-to-volume amplitude ratio, is not sufficient
for getting a balanced inversion problem. In this case, inversion
relies on additional assumptions or the availability of external
information. Fixing the extinction σ has been proved to com-
promise the inversion performance as it restricts the ability of
the RVoG model to interpret the spatial variability of forest
structure.
The best—with respect to inversion performance—scenario
is to use an external DTM to estimate the ground topographic
phase exp(iϕ0). For this, the DTM is converted to phase:
exp(iϕDTM) = exp(i hDTM κZ). Then, the phase offset be-
tween exp(iϕDTM) and γ(κZ , w⇀i) is calibrated by means of
a corner reflector or a bare area with sufficient high coherence
|γ˜(κZ , w⇀i)| > 0.98. γ˜(κZ , w⇀i) can then be inverted for forest
height hV and extinction σ by
min
hv,σ
‖γ˜(κZ , w⇀i) exp(−iϕ0)− γ˜V (κZ , hV , σ)‖ . (11)
For all test sites, a DTM calculated from LIDAR data was
used to estimate exp(iϕ0).
VI. INVERSION RESULTS
The two inversion scenarios were implemented and applied
on all three sites. The obtained forest height maps for both
cases and the reference LIDAR-derived H100 maps are shown
in Fig. 18 for the Krycklan site, in Fig. 20 for the Traunstein
site, and in Figs. 24 and 25 for the Mawas site.
In the single-pol case, for all test sites, in approximately
10%–15% of the samples, the inversion failed to provide a solu-
tion, probably due to a too large ground scattering contribution.
Furthermore, noninvertible samples turned up in areas of low
backscattering and high γSNR, where coherence estimates be-
come imprecise. This mainly appeared in areas with “shadow”
effects, i.e., on forest edges and on the transition from low forest
to high forest areas.
In addition to the inversion problems found in the single-pol
case, in the dual-pol case, the inversion performance critically
depends on the difference between the phase center locations
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Fig. 17. Krycklan test site validation plots. (a) Single-pol inversion forest
height versus LIDAR forest height. (b) Dual-pol inversion forest height versus
LIDAR forest height. (c) Comparison of single-pol inversion forest height
versus dual-pol inversion forest height.
in the two polarizations. In all three sites, about 20% of the
samples (pixels) could not be inverted—probably because of
an insufficient strong or an insufficient different ground con-
tribution across the polarizations—making a solution of the
inversion problem impossible.
Noninvertible samples were masked out and have not been
considered in the cross validation.
A. Krycklan Test Site
1) Single-Pol Inversion: The low phase center height loca-
tions and the large polarimetric distances (see Figs. 6 and 12)
predicted a good forest height inversion performance for the
Krycklan site.
As the ground contribution in the VV channel appeared to be
less than in the HH channel (see discussion in Section IV-A1),
the VV channel was used for the single-baseline inver-
sion. The validation plot for the single-pol inversion shown
in Fig. 17(a) is characterized by a correlation coefficient
r2 = 0.91 with a root-mean-square error RMSE = 1.58 m.
One single stand was clearly underestimated (LIDAR H100 =
18 m, single-pol inversion height = 7 m)—probably affected
by harvesting activities in the two years occurring between the
LIDAR measurements and the TDX acquisitions. Excluding
this outlier, the correlation coefficient increases to 0.93.
2) Dual-Pol Inversion: The validation plot for the dual-pol
inversion is shown in Fig. 17(b).
Compared with the single-pol inversion, the validation for
dual-pol inversion was noisier, particularly for the taller forest
stands, but the overall correlation coefficient r2 = 0.86 and an
RMSE of 2.02 m are convincing.
The same single stand that strongly deviated in the single-
pol inversion validation also deviated here (LIDAR H100 =
18 m, dual-pol inversion height = 8 m). Again excluding this
outlier, the correlation coefficient becomes 0.90.
In Fig. 17(c), the single-pol inversion forest heights were
plotted against the dual-pol inversion forest heights. A corre-
lation coefficient r2 = 0.93 in combination with an RMSE of
1.44 m underlines the consistency of the results obtained by
the two approaches. In the direct comparison, the outlier stand
disappeared as expected. The performance starts to degrade (in
the form of an increased variance) in the region of taller forest
heights in part as a consequence of the low coherence levels
induced by the large vertical wavenumber (κZ = 0.17).
The topographic variation within the scene has limited the
final inversion performance due to the slope-induced modu-
lation of the vertical wavenumber: κZ reached the maximum
and minimum values for strong positive and negative slopes for
which a meaningful inversion was not possible. As the forest
height reaches 30 m (κZ = ∼0.2 rad/m for an HoA of 30 m),
κZ values larger than 0.2 rad/m were excluded from the in-
version to guarantee an unambiguous inversion. A minimum
threshold for κZ was not necessary as all κZ values in the scene
are larger than 0.09 rad/m (full inversion performance is granted
[10]). (The Krycklan site forest height maps are presented in
Fig. 18.)
B. Traunstein Test Site
1) Single-Pol Inversion: For the Traunstein site, the single-
pol inversion was applied using the HH and VV polarizations.
The corresponding validation plots are shown in Fig. 19(a)
for the HH polarization case and in Fig. 19(b) for the VV
polarization case.
Forest heights up to 30 m have, in both cases, been accurately
estimated; beyond 30 m, the performance degraded mainly
because of the low coherence level. For the HH polarization,
a correlation coefficient of 0.80 with an RMSE of 3.3 m has
been achieved. For the VV channel, a correlation coefficient of
0.80 with an RMSE of 3.7 m has been reached. In the absence
of a second appropriate TDX acquisition and in order to assess
the seasonal effect on the inversion performance as the available
data set was acquired in the winter in snow-covered conditions,
an airborne acquisition was utilized (see Table I).
The airborne inversion performance for the VV channel is
shown on the bottom left in Fig. 19(c), which is characterized
by a similar performance as achieved with the TDX data
(winter) set: a correlation coefficient of 0.89 with an RMSE
of 2.3 m. Large stands are underestimated because the vertical
wavenumber κZ is too large in some parts of the image to cover
the whole height range of the prevailing forest heights (typical
for airborne scenarios).
2) Dual-Pol Inversion: The dual-pol inversion results for
Traunstein are shown in the plot in Fig. 19(d). The correlation
of the LIDAR with the dual-pol inversion results is noisier
(r2 = 0.77). The RMSE is 2.8 m, clearly lower than for the
single-pol inversion. Similar to the single-pol case, the inver-
sion performance degrades for stands larger than 30 m. (The
Traunstein test site forest height maps are presented in Fig. 20.)
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
14 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING
Fig. 18. Krycklan test site forest height maps. (a) LIDAR H100 superim-
posed on radar amplitude image. (b) Single-pol inversion forest heights (VV)
superimposed on interferometric coherence scaled from 0 (black) to 1 (white).
(c) Dual-pol inversion forest heights superimposed on interferometric coher-
ence scaled from 0 (black) to 1 (white).
Fig. 19. Traunstein test site validation plots. (a) TDX single-pol inversion
forest height HH polarization versus LIDAR forest height. (b) TDX single-
pol inversion VV polarization versus LIDAR forest height. (c) E-SAR airborne
single-pol inversion forest height VV polarization versus LIDAR forest height.
(d) TDX dual-pol inversion forest height versus LIDAR forest height.
C. Mawas Test Site
1) Single-Pol Inversion: The single-pol inversion was ap-
plied on all four available Mawas acquisitions using the HH and
VV polarizations. The corresponding validation plots are shown
in Figs. 21 and 22 (riverine forest = blue dots, peat swamp
forest = red dots). As already indicated by the phase center
height plots, no significant differences between the HH and VV
polarization were expected.
The acquisition in the dry season (August 25) clearly under-
estimated the forest height with an RMSE of 3.3 m. This was
probably caused by the insufficiency of the inversion model
to fit the actual situation. At the end of the dry season, tree
tops are dried out, and the leaves have sometimes fallen off.
The open canopy consisting of single trees with dried out
tree tops and partially bare branches at the end of the dry
season could have caused scattering from the tree crowns to be
less pronounced and could have violated the assumption of an
exponential backscatter function as used in the inversion model;
in addition, the presence of a ground scattering contribution in
all polarizations available cannot be excluded, particularly in
the dry season.
With the beginning of the rainy season, forest height esti-
mates are clearly improved and reach RMSE levels down to
2.2 m for the HH channel and 1.9 m for the VV channel. The
correlation coefficients are, for all acquisitions, very high, with
values between 0.97 and 0.98.
2) Dual-Pol Inversion: The validation plots for all four ac-
quisition dates are shown in Fig. 23.
The two forest types, i.e., the riverine forest (blue dots in
Fig. 23) and the peat swamp forest (red dots in Fig. 23), has
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Fig. 20. Traunstein test site forest height maps. (a) LIDAR H100 super-
imposed on radar amplitude image. (b) Single-pol inversion forest heights
(VV) superimposed on interferometric coherence scaled from 0 (black) to
1 (white). (c) Dual-pol inversion forest heights superimposed on interferometric
coherence scaled from 0 (black) to 1 (white).
each shown different behaviors: The estimates of the riverine
forest are approximately 5 m higher than the estimates of the
peat swamp forest.
The dual-pol inversion performed worse compared with
the single-pol inversion for the Mawas site. Even in the dry
Fig. 21. Mawas test site validation plots: single-pol inversion forest height
versus LIDAR forest height in HH polarization. (a) August 25, 2011.
(b) December 13, 2011. (c) December 24, 2011. (d) January 4, 2012.
(Blue dots) Riverine forest. (Red dots) Peat swamp forest.
Fig. 22. Mawas test site validation plots: single-pol inversion forest height
versus LIDAR forest height in VV polarization. (a) August 25, 2011.
(b) December 13, 2011. (c) December 24, 2011. (d) January 4, 2012.
(Blue dots) Riverine forest. (Red dots) Peat swamp forest.
season acquisition (August 25, 2011), low forests heights were
overestimated, but tall forests stands (the peat swamp forest)
were underestimated. With the beginning of the rainy season, all
estimates increase by 4 m–5 m. Now, all riverine forest stands
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Fig. 23. Mawas test site validation plots: dual-pol inversion. (a) August 25,
2011. (b) December 13, 2011. (c) December 24, 2011. (d) January 4, 2012.
(Blue dots) Riverine forest. (Red dots) Peat swamp forest.
were overestimated, and the peat swamp forest stands were still
underestimated.
There were no significant improvements of the result for the
last two acquisitions of the rainy season. The poor performance
is caused by two reasons: The overestimation of the lower
height ranges of the riverine forest is primarily induced by the
small vertical wavenumber that is insufficient to compensate the
impact of residual nonvolumetric decorrelation contributions
[10]. With increasing forest height, the impact of the resid-
ual nonvolumetric decorrelation contributions becomes smaller,
and the estimates of the taller riverine forest stands are unbi-
ased. This error source may be compensated by using larger
spatial baselines (i.e., larger vertical wavenumbers). Indeed,
the overestimation is stronger in the rainy season acquisitions
acquired with a vertical wavenumber of 0.07 rad/m and weaker
for the dry season acquisition acquired with a slightly larger
vertical wavenumber of 0.12 rad/m. In the Krycklan site, the
large(r) vertical wavenumber of 0.17 rad/m allows the unbiased
estimation of low forest heights, as shown in Fig. 17.
The underestimation of the peat-swamp forest is more dif-
ficult to interpret. It was probably induced by the used inver-
sion model, which failed to reflect the right vertical scattering
distribution.
The single emergent tree over a less dense canopy with
extensive undergrowth violates the assumption of an expo-
nential backscatter function with zero ground and leads to an
underestimation of height [37]. Note that both errors were, by
far, less important in the single-pol inversion (comparison with
Figs. 21 and 22). The ground location information implied by
the use of the external DEM allowed for the compensation of a
wide range of estimation biases. (The Mawas site forest height
maps are presented in Figs. 24 and 25.)
Fig. 24. Mawas test site forest heights maps (bottom: near range, top: far
range). (a) Interferometric coherence scaled from 0 (black) to 1 (white)
superimposed by single-pol inversion forest heights in HH polarization from
the acquisition of August 25, 2011. (b) Interferometric coherence scaled from
(black) 0 to (white) 1 superimposed by single-pol inversion forest heights in
VV polarization from the acquisition of January 4, 2012.
VII. CONCLUSION
In this paper, the potential of TDX Pol-InSAR data for quanti-
tative forest parameter estimation has been investigated. For this,
a large number of single- and dual-pol TDX data sets acquired
over three different forest sites—a boreal, a temperate, and a
tropical site—at different acquisition modes have been analyzed.
The suitability of TDX for Pol-InSAR forest applications
depends on the penetration capability of X-band into forest veg-
etation and on the polarimetric diversity of the interferometric
coherence. Both effects were evaluated over all three sites for
different acquisition geometries (i.e., on the incidence angle and
spatial baseline) and for different environmental and seasonal
conditions.
For all sites, a strong correlation between the (height of
the) phase center location and forest (top) height could be
established. The corresponding correlation coefficients reached
values of 0.9 and higher. The correlation varies with seasonal
and environmental changes. Clear seasonal dependence could
be observed between summer and winter acquisitions at the
European test sites. For the tropical site, the difference between
wet and dry seasons was weaker.
For the Krycklan site, acquisitions at different look angles
(19◦ and 32◦) were analyzed, indicating only a weak effect
of the incidence angle on the penetration. For the Traunstein
site, impact of incidence (look) angle appeared stronger than at
the Krycklan site. However, here, differences in phase center
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
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Fig. 25. Mawas test site forest heights maps (bottom: near range, top: far
range). (a) Radar amplitude image in HH polarization superimposed by LIDAR
H100. (b) Interferometric coherence scaled from 0 (black) to 1 (white) super-
imposed by dual-pol forest heights from the acquisition of January 4, 2012.
height due to different incidence (look) angles are mixed up
with seasonal effects.
The synthesis of the results suggests an unexpected high pen-
etration at X-band but leaves open the question of whether the
penetration is induced by the propagation through the vegeta-
tion volume or partially through gaps in the vegetation layer that
become relevant at the spatial resolution of the TDX data [38].
The polarimetric dependence of the interferometric coher-
ence (expressed by means of the length of the dual-pol coher-
ence region) was strongly correlated to forest height in all sites.
At the same time, the effect of seasonal and environmental vari-
ability was clearly visible: For the boreal site, the penetration
during the winter can be interpreted only with a sufficient large
ground scattering contribution that makes an inversion based on
the assumption of a “zero ground component” suboptimal.
The summer acquisitions were characterized by a smaller
ground contribution supporting “zero ground component” in-
version schemes. For the temperate site, the winter acquisitions
seemed to be better suited for inversion than the summer
acquisitions as penetration was higher and the whole volume
is “seen” by the radar (due to the lower attenuation in winter).
In the tropical case, the impact of seasonal effects on the polari-
metric diversity was rather small. This allows concluding that
seasonal adapted acquisitions could improve the inversion per-
formance and probably increase the number of forest types that
can be investigated by means of Pol-InSAR techniques at X-band.
Based on these observations, two forest height estimation
approaches—one for the single-pol case based on the avail-
ability of an external DTM and one for the dual-pol case
that does not require any a priori knowledge—have been
proposed, implemented, and applied on the available data sets.
The obtained height estimates have been cross validated against
LIDAR reference measurements.
In forest conditions that allow a sufficient penetration at
X-band, the performance of the two approaches was compa-
rable and surprisingly high, with a correlation of r2 = 0.86
in the boreal site and r2 = 0.77 in the temperate site for the
dual-pol case. At denser conditions, the variance of the dual-
pol estimates increased (r2 = ∼0.50 in the tropical site) and
finally saturated with increasing height due to the insufficient
penetration. Note that the single-pol inversion was not affected
by saturation as it does not require a penetration until the
ground.
The choice of spatial baseline (expressed in terms of the
vertical wavenumber) has a critical impact on the inversion
performance. Too small spatial baselines limit the sensitivity
to forest height variation and/or increase the errors induced
by uncompensated nonvolumetric decorrelation contributions
[10]. Too large baselines lead to (too) low coherence levels and
limit the range of heights that can be mapped. The fact that
TDX (as discussed in Section II-B) follows predefined vertical
wavenumber cycles that are optimized with respect to the DEM
acquisition strategy restricts the availability of optimum vertical
wavenumber regimes for forest parameter estimation. However,
the selection of a more appropriate beam (i.e., look angle)
provides one degree of freedom to partially optimize the given
spatial baseline configuration.
Regarding now the choice of polarization, the TDX and
TSX instruments allow the acquisition not only of conventional
cross-polarized dual-pol data (i.e., HH and VH or VV and
HV) but also copolarized dual-pol data (i.e., HH and VV). The
relative small ground scattering contributions at X-band com-
pared with the high additive noise level at the cross-polarized
channels (with a noise equivalent sigma zero NESZ on the
order of 20–24 dB; see Fig. 15) make the copolarized dual-pol
mode better suited (in terms of performance) for Pol-InSAR
applications [34], [39].
The availability of quad-pol acquisitions—acquired in a later
dedicated quad-pol operation phase—can improve the perfor-
mance in terms of variance and reduce the number of samples
with nonvalid solutions. However, the constraints imposed by
the penetration depth and the low NESZ will remain. Finally,
the inversion of multiple acquisitions acquired with different
spatial baselines may be an alternative way to improve inversion
performance. In this case, in addition to the inherent limitation
of penetration into dense(r) forest conditions, the variability of
the forest structure in the time between the acquisitions has to
be accounted. An exception is the alternating bistatic mode, but
this mode is limited to two baselines in a single polarization.
Finally, the achieved performance clearly indicates the ad-
vantage of a spaceborne single-pass interferometric imple-
mentation for forest applications. The absence of temporal
decorrelation allows the achievement of a new quality in mea-
surement accuracy that may allow the development of new
applications and make systematic monitoring of forest structure
parameters—preferably at a lower frequency band—possible.
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
18 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING
ACKNOWLEDGMENT
The authors would like to thank the TDX team for the fast
access to the data and C. Wecklich for his valuable comments
to improve the quality of this paper. They would also like to
thank P. Prats for his support in data processing issues and
V. Böhm from KALTENG Consultants for providing the
LIDAR data over Mawas.
REFERENCES
[1] S. R. Cloude, Polarisation Applications in Remote Sensing. London,
U.K.: Oxford Univ. Press, 2010.
[2] S. R. Cloude and K. P. Papathanassiou, “Polarimetric SAR interferometry,”
IEEE Trans. Geosci. Remote Sens., vol. 36, no. 5, pp. 1551–1565, Sep. 1998.
[3] K. P. Papathanassiou and S. R. Cloude, “Single-baseline polarimetric
SAR interferometry,” IEEE Trans. Geosci. Remote Sens., vol. 39, no. 11,
pp. 2352–2363, Nov. 2001.
[4] R. N. Treuhaft, S. N. Madsen, M. Moghaddam, and J. J. van Zyl, “Vegeta-
tion characteristics and underlying topography from interferometric data,”
Radio Sci., vol. 31, no. 6, pp. 1449–1495, Nov./Dec. 1996.
[5] I. Hajnsek, F. Kugler, S. Lee, and K. Papathanassiou, “Tropical forest pa-
rameter estimation by means of Pol-InSAR: The INDREX II campaign,”
IEEE Trans. Geosci. Remote Sens., vol. 47, no. 2, pp. 481–493, Feb. 2009.
[6] J. Praks, F. Kugler, K. P. Papathanssiou, I. Hajnsek, and M. Hallikainen,
“Tree height estimation for boreal forest by means of L and X band
PolInSAR and HUTSCAT scatterometer,” IEEE Trans. Geosci. Remote
Sens. Lett., vol. 4, no. 3, pp. 466–470, Jul. 2007.
[7] F. Garestier, P. C. Dubois-Fernandez, and K. P. Papathanassiou, “Pine
forest height inversion using single-pass X-band PolInSAR data,” IEEE
Trans. Geosci. Remote Sens., vol. 46, no. 1, pp. 56–68, Jan. 2008.
[8] J. Praks, O. Antropov, and M. T. Hallikainen, “LIDAR-aided SAR inter-
ferometry studies in boreal forest: Scattering phase center and extinction
coefficient at X- and L-band,” IEEE Trans. Geosci. Remote Sens., vol. 50,
no. 10, pp. 3831–3843, Oct. 2012.
[9] K. P. Papathanassiou and S. R. Cloude, “The effect of temporal decorrela-
tion on the inversion of forest parameters from Pol-InSAR data,” in Proc.
IGARSS, Toulouse, France, 2003, pp. 1429–1431, [CD-ROM].
[10] S.-K. Lee, F. Kugler, K. Papathanassiou, and I. Hajnsek, “Quantification
of temporal decorrelation effects at L-band for polarimetric SAR interfer-
ometry applications,” IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens.,
vol. 6, no. 3, pp. 1351–1367, Jun. 2013.
[11] M. Lavalle, M. Simard, and S. Hensely, “A temporal decorrelation model
for polarimetric radar interferometers,” IEEE Trans. Geosci. Remote
Sens., vol. 50, no. 7, pp. 2880–2888, Jul. 2012.
[12] F. Kugler, S. Sauer, S.-K. Lee, K. Papathanassiou, and I. Hajnsek, “Po-
tential of TanDEM-X for forest parameter estimation,” in Proc. EUSAR,
Aachen, Germany, 2010, pp. 1–4.
[13] S. Solberg, R. Astrup, T. Gobakken, E. Nsset, and D. J. Weydahl, “Es-
timating spruce and pine biomass with interferometric X-band SAR,”
Remote Sens. Environ., vol. 114, no. 10, pp. 2353–2360, Oct. 15, 2010.
[14] R. Perko, H. Raggam, J. Deutscher, K. Gutjahr, and M. Schardt, “Forest
assessment using high resolution SAR data in x-band,” Remote Sens.,
vol. 3, no. 4, pp. 792–815, Apr. 2011.
[15] M. Nilsson and J. Holmgren, “Prediction of forest variables using LiDAR
measurements with different footprint sizes and measurement densities,”
in Proc. ScandLaser Sci. Workshop Airborne Laser Scanning Forests,
Umeå, Sweden, Sep. 3–4, 2003, pp. 125–133.
[16] Izzawati, E. D. Wallington, and I. H. Woodhouse, “Forest height retrieval
from commercial X-band SAR products,” IEEE Trans. Geosci. Remote
Sens., vol. 44, no. 4, pp. 863–870, Apr. 2006.
[17] I. H. Woodhouse and E. D. Izzawati, “Edge effects on tree height retrieval
using X-band interferometry,” IEEE Geosci. Remote Sens. Lett., vol. 3,
no. 3, pp. 344–348, Jul. 2006.
[18] D. H. Hoekman and C. Varekamp, “Observation of tropical rain forest
trees by airborne high-resolution radar,” IEEE Trans. Geosci. Remote
Sens., vol. 39, no. 3, pp. 584–594, Mar. 2001.
[19] C. Varekamp and D. H. Hoekman, “High-resolution InSAR image sim-
ulation for forest canopies,” IEEE Trans. Geosci. Remote Sens., vol. 40,
no. 7, pp. 1648–1655, Jul. 2002.
[20] G. Krieger, A. Moreira, H. Fiedler, I. Hajnsek, M. Werner, M. Younis,
and M. Zink, “TanDEM-X: A satellite formation for high-resolution SAR
interferometry,” IEEE Trans. Geosci. Remote Sens., vol. 45, no. 11,
pp. 3317–3341, Nov. 2007.
[21] G. Krieger, M. Zink, M. Bachmann, B. Bräutigam, D. Schulze,
M. Martone, P. Rizzoli, U. Steinbrecher, J. W. Antony, F. De Zan,
I. Hajnsek, K. Papathanassiou, F. Kugler, M. Rodriguez Cassola,
M. Younis, S. Baumgartner, P. López-Dekker, P. Prats, and A. Moreira,
“TanDEM-X: A radar interferometer with two formation-flying satel-
lites,” Acta Astron., vol. 89, pp. 83–98, Aug./Sep. 2013.
[22] “TerraSAR-X ground segment basic product specification docu-
ment,” DLR, Oberpfaffenhofen, Germany, TX-GS-DD-3302, Issue:
1.6, Mar. 18, 2009. [Online]. Available: https://tandemx-science.dlr.de/
TX-GS-DD-3302_Basic-Products-Specification-Document_V1.6.pdf
[23] M. Bachmann, D. Schulze, C. Ortega-Miguez, D. Polimeni, J. Böer,
J. Hueso Gonzalez, J. Walter Antony, G. Krieger, B. Bräutigam,
M. Schwerdt, and M. Zink, “Acquisition status and calibration of the
interferometric system,” in Proc. IGARSS, Munich, Germany, Jul. 2012,
pp. 1900–1903.
[24] H. Fiedler and G. Krieger, “Close formation of passive receiving micro-
satellites,” in Proc. 18th Int. Symp. Space Flight Dyn., Munich, Germany,
2004, pp. 47–52.
[25] A. van Laar and A. Akca, Forest Mensuration (Managing Forest Ecosys-
tems). Dordrecht, The Netherlands: Springer-Verlag, 2007, pp. 118–121.
[26] M. Heurich, T. Schneider, and E. Kennel, “Laser scanning for identi-
fication of forest structures in the Bavarian Forest National Park,” in
Proc. ScandLaser Sci. Workshop Airborne Laser Scanning Forests, Umeå,
Sep. 3–4, 2003, pp. 125–133.
[27] T. Aulinger, T. Mette, K. P. Papathanssiou, I. Hajnsek, M. Heurich, and
P. Krzystek, “Validation of heights from interferometric SAR and LIDAR
over the temperate Forest Site National Park Bayerischer Wald,” in Proc.
2nd Int. Workshop POLinSAR, Frascati, Italy, Jan. 17–21, 2005, pp. 1–6,
[CD-ROM].
[28] E. Assmann and F. Franz, Vorläufige Fichten-Ertragstafel für Bayern.
München, Germany: Institut für Ertragskunde der Forstl. Forschungsanst,
1963, 104 S.
[29] R. Horn, “The DLR airborne SAR project E-SAR,” in Proc. IEEE Trans.
Geosci. Remote Sens. Symp., Lincoln, NE, USA, May 1996, vol. 3,
pp. 1624–1628.
[30] A. Reigber, R. Horn, A. Nottensteiner, P. Prats, R. Scheiber, K. H. Bethke,
and S. Baumgartner, “Current status of DLR’s new F-SAR sensor,” in
Proc. EUSAR, Aachen, Germany, Jun. 7–10, 2010, pp. 1078–1081, VDE
Verlag GmbH.
[31] H.-D. V. Böhm, V. Liesenberg, and S. H. Limin, “Multi-temporal airborne
LiDAR-survey and field measurements of tropical peat swamp forest to
monitor changes,” IEEE J. Sel. Top. Appl. Earth Obs. Eemote Sens., vol. 6,
no. 3, pp. 1524–1530, Jun. 2013.
[32] S. R. Cloude and K. P. Papathanassiou, “Three-stage inversion process for
polarimetric SAR interferometry,” Proc. Inst. Elect. Eng.—Radar Sonar
Navigat., vol. 150, no. 3, pp. 125–134, Jun. 2003.
[33] D. Just and R. Bamler, “Phase statistics of interferograms with applica-
tions to synthetic aperture radar,” Appl. Opt., vol. 33, no. 20, pp. 4361–
4368, Jul. 1994.
[34] S. Cloude, “An assessment of the PolInSAR performance of TanDEM-X
for forestry applications,” in Proc. PolInSAR, Frascati, Italy, Jan. 24–28,
2011, pp. 1–9.
[35] R. N. Treuhaft and P. Siquiera, “Vertical structure of vegetated land sur-
faces from interferometric and polarimetric radar,” Radio Sci., vol. 36,
no. 1, pp. 141–177, Jan./Feb. 2000.
[36] F. Gatelli, A. Monti Guamieri, F. Parizzi, P. Pasquali, C. Prati, and
F. Rocca, “The wavenumber shift in SAR interferometry,” IEEE Trans.
Geosci. Remote Sens., vol. 32, no. 4, pp. 855–865, Jul. 1994.
[37] F. Kugler, S.-K. Lee, and K. Papathanassiou, “Estimation of forest vertical
structure parameter by means of multi baseline Pol-InSAR,” in Proc.
IGARSS, Cape Town, South Africa, Jul. 2009, pp. IV-721–IV-724.
[38] F. De Zan, G. Krieger, and P. López-Dekker, “On some spectral properties
of TanDEM-X interferograms over forested areas,” IEEE Geosci. Remote
Sens. Lett., vol. 10, no. 1, pp. 71–75, Jan. 2013.
[39] F. Kugler, I. Hajnsek, and K. Papathanassiou, “Forest parameter charac-
terisation by means of TerraSAR-X and TanDEM-X (polarimetric and) in-
terferometric data,” in Proc. PolInSAR, Vancouver, BC, USA, Jan. 24–29,
2011, pp. 2578–2581.
Florian Kugler was born in Bavaria, Germany, in
1974. He received the Dipl.Ing. degree in forestry
science from Technische Universität München,
Freising, Germany, in 2004. He is currrently working
toward the Ph.D. degree at the German Aerospace
Center (DLR), Oberpfaffenhofen, Germany.
Since October 2008, he has been also a Research
Scientist with DLR. His research focuses on remote
sensing on forests, by using polarimetric synthetic
aperture radar interferometry.
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
KUGLER et al.: TANDEM-X POL-INSAR PERFORMANCE FOR FOREST HEIGHT ESTIMATION 19
Daniel Schulze was born in Germany in 1975. He
received the Diploma degree in aerospace technol-
ogy from the Technical University of Berlin, Berlin,
Germany, in 2002.
Since 2004, he has been with the Satellite SAR Sys-
tem Department, Microwaves and Radar Institute,
German Aerospace Center (DLR), Oberpfaffenhofen,
Germany. He worked for the TerraSAR-X synthetic
aperture radar (SAR) satellite project within the Sys-
tem Engineering and Calibration (SEC) Segment of
Ground Segment. In the years 2004 and 2005, he
implemented the Instrument Command Generator and supervised the Long
Term Database implementation for Instrument Operations and Calibration
Segment, which are the operational systems of SEC. From 2005 to 2008, he
was a System Engineer for the SEC Segment. The SEC is in charge of all
SAR relevant system engineering aspects and the SAR instrument operation
and calibration. It is the interfaces between all SAR relevant parts of the space
segment and the ground segment and thus includes the review of the space
segment design and performance measurements. During his work as a System
Engineer, the foundation for the successful TerraSAR-X commissioning and
operational phase was laid. Since 2007, he has been working for the follow-on
mission TanDEM-X. He became the Project Manager of the joined TerraSAR-X
and TanDEM-X SEC Segment in 2008. Both SAR satellite missions exceeded
their expectations regarding image performance and reliability. Apart from the
work in the TerraSAR-X/TanDEM-X context, he was a Consultant for SAR-
related topics of the DLR’s Satellite SAR System Department involvement in
the Spanish SAR satellite mission PAZ.
Irena Hajnsek (AM’01–M’06–SM’09–F’13) re-
ceived the Dipl. degree (with honors) from the Free
University of Berlin, Berlin, Germany, in 1996 and
the Dr. degree (with honors) from the Friedrich
Schiller University of Jena, Jena, Germany, in 2001.
From 1996 to 1999, she was with the Microwaves
and Radar Institute, German Aerospace Center
(DLR-HR), Oberpfaffenhofen, Germany. From 1999
to 2000, she was with the Institut d’Electronique
et de Télécommunications de Rennes, University of
Rennes 1, Rennes, France, for ten months and with
Applied Electromagnetics, St. Andrews, Scotland, for four months, in the
frame of the European Training and Mobility for Young Researches Program
Radar Polarimetry Network. In 2005, she was a Guest Scientists with the
University of Adelaide, Adelaide, Australia, for six weeks. She was the science
Coordinator of the German satellite mission TanDEM-X. From 2009 to 2013,
she was a member of the ESA Mission Advisory Group of the 7th Explorer
Mission CoReH2O. Since November 2009, she has been a Professor of earth
observation with the Institute of Environmental Engineering, Swiss Federal
Institute of Technology (ETH) Zürich, Zurich, Switzerland, and the Head of
the Polarimetric SAR Interferometry Research Group with DLR-HR. Her main
research interests are in electromagnetic propagation and scattering theory,
radar polarimetry, SAR and interferometric SAR data processing techniques,
and environmental parameter modeling and estimation.
Dr. Hajnsek has been a member of the IEEE Geoscience and Remote Sensing
Society AdCom since 2013 and was a Technical Program Cochair of the IEEE
International Geoscience and Remote Sensing Symposium 2012 in Munich.
Hans Pretzsch was born in Düsseldorf, Germany, in
1957. He received the Ph.D. degree in forest growth
and yield science and biometrics from Ludwig-
Maximilians-Universität München, München,
Germany, in 1985, the Prof. h.c. degree from the
Czech University of Life Sciences in Prague, Prague,
Czech Republic, in 2001, and the Dr. h.c. degree
from the Czech University of Agriculture of Prague,
Prague, in 2008.
Since 1994, he has been a Professor of forest
growth and yield science with Technische Univer-
sität München, München, where he is responsible for the network of long-term
experimental plots in Bavaria, which date back to 1860, and for the management
of the municipal forest enterprise Traunstein/Bavaria. He currently teaches
forestry and sustainable resource management to undergraduate and graduate
students, as well as professional foresters. He has authored/coauthored over
100 publications in international journals, conferences, and workshops. For
the past 20 years, he has focused his research on general rules of tree and
stand growth, forest modeling, mixed stand analysis, structural allometry under
competitive stress, diagnosis of forest growth disturbances, and applications of
terrestrial LiDAR and computer tomography for analysis of structures on tree
and stand level.
Dr. Pretzsch is an Editor of the European Journal of Forest Research. He
was a recipient of the Biometric Research Award from the Biometrical Society,
the Danzer Research Award from the Danzer Group, and the W. L. Pfeil Award
from Toepfer Stiftung F.V.S.
Konstantinos P. Papathanassiou (AM’01–M’06–
SM’09–F’13) received the Dipl.Ing degree (with
honors) and the Dr. degree (with honors) from the
Technical University of Graz, Graz, Austria, in 1994
and 1999, respectively.
From 1992 to 1994, he was with the Institute
for Digital Image Processing (DIBAG), Joanneum
Research, Graz. Between 1995 and 1999, he was
with the Microwaves and Radar Institute, German
Aerospace Center (DLR-HR), Oberpfaffenhofen,
Germany. From 1999 to 2000, he was a European
Union Postdoctoral Fellow with Applied Electromagnetics, St. Andrews,
Scotland. Since October 2000, he has been a Senior Scientist with DLR-HR,
leading the Information Retrieval Research Group. He has authored/coauthored
over 100 publications in international journals, conferences, and workshops.
His main research interests are in polarimetric and interferometric processing
and calibration techniques, polarimetric SAR interferometry, and the quantita-
tive parameter estimation from SAR data, as well as in SAR mission design and
SAR mission performance analysis.
Dr. Papathanassiou was the recipient of the IEEE GRSS IGARSS Sympo-
sium Prize Paper Award in 1998, the Best Paper Award of the European SAR
Conference in 2002, the DLR Science Award in 2002, and the DLR Senior
Scientist Award in 2011.
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution
and sharing with colleagues.
Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.
In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information
regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:
http://www.elsevier.com/authorsrights
Author's personal copy
TanDEM-X: A radar interferometer with two
formation-flying satellites$
Gerhard Krieger n, Manfred Zink, Markus Bachmann, Benjamin Bräutigam,
Daniel Schulze, Michele Martone, Paola Rizzoli, Ulrich Steinbrecher,
John Walter Antony, Francesco De Zan, Irena Hajnsek, Kostas Papathanassiou,
Florian Kugler, Marc Rodriguez Cassola, Marwan Younis, Stefan Baumgartner,
Paco López-Dekker, Pau Prats, Alberto Moreira
German Aerospace Center (DLR), Microwaves and Radar Institute, Münchner Strasse 20, 82234 Wessling, Oberpfaffenhofen, Germany
a r t i c l e i n f o
Article history:
Received 4 March 2013
Accepted 6 March 2013
Available online 6 April 2013
Keywords:
Remote sensing
Formation flying
Synthetic aperture radar (SAR)
Interferometry
Digital elevation model
Earth observation
a b s t r a c t
TanDEM-X (TerraSAR-X add-on for Digital Elevation Measurements) is an innovative
formation-flying radar mission that opens a new era in spaceborne radar remote sensing.
The primary objective is the acquisition of a global digital elevation model (DEM) with
unprecedented accuracy (12 m horizontal resolution and 2 m relative height accuracy).
This goal is achieved by extending the TerraSAR-X synthetic aperture radar (SAR) mission
by a second, TerraSAR-X like satellite (TDX) flying in close formation with TerraSAR-X
(TSX). Both satellites form together a large single-pass SAR interferometer with the
opportunity for flexible baseline selection. This enables the acquisition of highly accurate
cross-track interferograms without the inherent accuracy limitations imposed by repeat-
pass interferometry due to temporal decorrelation and atmospheric disturbances. Besides
the primary goal of the mission, several secondary mission objectives based on along-
track interferometry as well as new bistatic and multistatic SAR techniques have been
defined, representing an important and innovative asset of the TanDEM-X mission.
TanDEM-X is implemented in the framework of a public–private partnership between
the German Aerospace Center (DLR) and EADS Astrium GmbH. The TanDEM-X satellite
was successfully launched in June 2010 and the mission started its operational data
acquisition in December 2010. This paper provides an overview of the TanDEM-X mission
and summarizes its actual status and performance. Furthermore, results from several
scientific radar experiments are presented that show the great potential of future
formation-flying interferometric SAR missions to serve novel remote sensing applications.
& 2013 IAA Published by Elsevier Ltd. All rights reserved.
1. Introduction
The primary objective of the TanDEM-X mission is the
generation of a world-wide, consistent, timely, and high-
precision digital elevation model (DEM) as the basis for a
wide range of scientific research, as well as for commercial
DEM production ([1], cf. Fig. 1). This goal is achieved by
enhancing the TerraSAR-X synthetic aperture radar (SAR)
mission [2] by a second radar satellite flying in close
formation with TerraSAR-X [3]. Both satellites act together
as a large single-pass SAR interferometer with the oppor-
tunity for flexible baseline selection. This enables the
acquisition of highly accurate cross-track and along-track
interferograms without the inherent accuracy limitations
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imposed by repeat-pass interferometry due to temporal
decorrelation and atmospheric disturbances. Thanks to its
unique capabilities, TanDEM-X is not only acquiring a
global DEM with unprecedented accuracy, but it is also
well suited to demonstrate novel bistatic and multistatic
SAR techniques and Earth observation applications that
form the basis for future formation-flying SAR missions.
TanDEM-X has been implemented in the framework
of a public–private partnership between the German
Aerospace Center (DLR) and EADS Astrium GmbH, as for
TerraSAR-X.
2. Mission concept
The TanDEM-X mission is an extension of the TerraSAR-X
radar mission, co-flying a second satellite of nearly iden-
tical capability in a close formation. The TerraSAR-X
satellite (TSX), as basis for TanDEM-X, was successfully
launched into a sun-synchronous dusk-dawn orbit with
97.441 inclination on June 15, 2007. The nominal orbit
height is 514.8 km and the orbit repeat cycle is 11 days.
TSX is not only a high performance SAR system, but it has
already built in all necessary features required for the
implementation of the TanDEM-X mission. Examples are
additional X-band horn antennas for inter-satellite phase
synchronization, the availability of a dual-frequency GPS
receiver for precise orbit determination, excellent RF phase
stability of the SAR instrument, and PRF synchronization
based on GPS as a common time reference. The second
satellite (TDX) is as much as possible a rebuild of TSX with
only minor modifications like an additional cold gas
propulsion system for the formation fine tuning, double-
sized on-board solid-state memory for increased data
recording capacity and an additional S-band receiver
to enable the reception of telemetry and GPS position
information broadcast by TSX. This similarity guaranteed a
low development risk and offers the possibility for a
flexible share of operational functions among the two
satellites.
The instruments on both satellites are advanced high-
resolution X-band synthetic aperture radars based on
active phased array technology, which can be operated in
Spotlight, Stripmap, and ScanSAR mode with full polariza-
tion capability [4]. The center frequency of the radar
instruments is 9.65 GHz with a selectable chirp bandwidth
of up to 300 MHz. The active phased array antenna, which
has an overall aperture size of 4.8 m  0.7 m, is fixed
mounted to the spacecraft body and incorporates 12
panels with 32 dual-pol waveguide sub-arrays each. This
enables agile beam pointing and flexible beam shaping as
required for the acquisition of a wide range of image
products with varying resolutions and scene sizes.
2.1. Orbit configuration and formation flying
The TanDEM-X operational scenario requires the coor-
dinated operation of two satellites flying in close forma-
tion. The adjustment parameters for the formation are the
orbits ascending nodes, the angle between the perigees,
the orbit eccentricities and the phasing between the
satellites. With these parameters, several options have
been investigated during the phase A study, and the Helix
satellite formation shown in Fig. 2 has finally been selected
for operational DEM generation. This formation combines
an out-of-plane (horizontal) orbital displacement by dif-
ferent ascending nodes with a radial (vertical) separation
by different eccentricity vectors resulting in a helix like
relative movement of the satellites along the orbit as
illustrated in the lower plot of Fig. 2. Since there exists
no crossing of the satellite orbits, arbitrary shifts and drifts
of the satellites along their orbits are allowed. This enables
a safe spacecraft operation without the necessity for
autonomous control. It is furthermore possible to optimize
the along-track displacement at predefined latitudes for
different applications: cross-track interferometry aims at
along-track baselines which are as short as possible to
ensure an optimum overlap of the Doppler spectra and to
avoid temporal decorrelation in vegetated areas, while
other applications like along-track interferometry or super
resolution require selectable along-track baselines in the
range from hundred meters up to several kilometres.
A fine tuning of the satellite formation is performed via
the aforementioned cold gas propulsion system on TDX.
The Helix formation enables a complete mapping of the
Earth with a stable height of ambiguity by using a small
number of formation settings [3]. Southern and northern
latitudes can be mapped with the same formation by using
ascending orbits for one and descending orbits for the
other hemisphere, as illustrated in Fig. 2 on the bottom.
A fine tuning of the cross-track baselines can moreover be
achieved by taking advantage of the natural rotation of the
eccentricity vectors due to secular disturbances, also called
motion of libration. The phases of this libration can be kept
in a fixed relative position with small maneuvers using the
cold gas thrusters on a daily basis, while major formation
changes as well as a duplication of the orbit keeping
Acquisition of Global Digital Elevation Model 
Parameter Specification Requirement 
Relative Vertical 
Accuracy 
90% linear point-to-
point error in 1° cell 
2 m (slope < 20%) 
4 m (slope > 20%) 
Absolute Vertical 
Accuracy 90% linear error 10 m 
Spatial Resolution independent pixels 12 m (0.4 arc sec) 
Fig. 1. Primary objective of the twin-satellite mission TanDEM-X is the
acquisition of a global digital elevation model (DEM) with unprecedented
accuracy.
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manoeuvres required by TSX will be performed by the hot
gas thruster system.
2.2. Interferometric configurations and acquisition modes
TanDEM-X can acquire interferometric data in different
configurations: Examples are the bistatic, monostatic, and
alternating bistatic modes as illustrated in Fig. 3. The
different interferometric configurations can be further
combined with different TSX and TDX SAR imaging modes
like Stripmap, ScanSAR, Spotlight, and Sliding Spotlight.
Operational DEM generation is planned to be per-
formed using the bistatic Stripmap mode shown in Fig. 3
in the middle. This mode uses either TSX or TDX as a
transmitter to illuminate a common radar footprint on the
Earth's surface. The scattered signal is then recorded by
both satellites simultaneously. This simultaneous data
acquisition makes dual use of the available transmit power
and is mandatory to avoid possible errors from temporal
decorrelation (cf. Fig. 4) and atmospheric disturbances.
Another interferometric configuration is the pursuit
monostatic mode which is illustrated in Fig. 3 on the left.
The two satellites are operated independently from each
other in this mode, thereby avoiding the need for time and
phase synchronization. The along-track distance between
the satellites should be 20 km or more to avoid mutual RF
interference between the two radar signals. This config-
uration has been used in the “monostatic commissioning
phase” of TanDEM-X where several unique experiments
have been conducted. One such example is shown in Fig. 4,
which clearly demonstrates the potential deteriorations
due to temporal decorrelation in vegetated areas even for
very short temporal baselines. Further examples will be
shown in Section 4.
A third interferometric configuration is the alternating
bistatic mode which is illustrated in Fig. 3 on the right.
The alternating bistatic mode is similar to the bistatic
mode with the exception that the transmitter is switched
from one satellite to the other on a pulse-to-pulse basis.
This enables the simultaneous acquisition of multiple
interferograms with two different effective baselines. Sev-
eral experiments exploit this mode to get additional
information, e.g., in vegetated areas.
2.3. Exclusion zones
For DEM generation, TanDEM-X combines one mono-
static and one bistatic radar image in a joint SAR inter-
ferogram. To ensure a sufficient overlap of the Doppler
spectra, this requires a short along-track distance of
typically less than 1 km between the two satellites, while
the radial and cross-track baselines depend on the argu-
ment of latitude and vary between zero and a few hundred
meters. As a result, there is the danger that one satellite
illuminates its partner by its radar antenna, which could
cause interference, or, in the worst case, damage of
sensitive electronic equipment. This is illustrated in Fig. 5
which shows the predicted electric field strength as a
function of the satellite distance in case of direct illumina-
tion. For the minimum allowed satellite distance of 150 m,
the predicted value is 330 V/m, which exceeds by far the
maximum allowed field strength of 50 V/m.
To avoid the risk of mutual illumination, the transmis-
sion of radar signals has to be suppressed for one satellite
at specific arguments of latitude, which are known as
exclusion zones (cf. Fig. 6). TanDEM-X ensures exclusion
zone compliance by a double fail save approach including
both a check on ground before command uploading and an
additional real-time check on the satellite which sup-
presses signal transmission within predefined latitude
windows.
2.4. System synchronization
A peculiarity of the bistatic data acquisition is the use of
independent oscillators for the modulation and demodu-
lation of the radar pulses. Any deviation between the two
oscillators will hence cause a residual modulation of the
recorded azimuth signal. The impact of oscillator phase
NH
(ascending)
effective
baselines
(θ= 45°)
Fig. 2. Helix satellite formation for TanDEM-X. Top: illustration of orbits.
Bottom: cross-track and radial baselines as a function of the argument of
latitude. The latitude positions in the lower plot correspond to one
complete orbit and the black arrows indicate those areas that can be
mapped with a sufficient baseline length assuming a right-looking radar
system with a look angle of θ¼451. NH, northern hemisphere; SH,
southern hemisphere.
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noise in bistatic SAR has been analyzed in [5] where it is
shown that oscillator noise may cause significant errors in
both the interferometric phase and SAR focusing. The
stringent requirements for interferometric phase stability
in the bistatic mode will hence require an appropriate
relative phase referencing between the two SAR instru-
ments or an operation in the alternating bistatic mode. For
TanDEM-X, a dedicated inter-satellite X-band synchroniza-
tion link has been established via mutual exchange of
radar pulses between the two satellites. For this, the
nominal bistatic SAR data acquisition is shortly inter-
rupted, and a radar pulse is redirected from the main
SAR antenna to one of six dedicated synchronization horn
antennas mounted on each spacecraft. The pulse is then
recorded by the other satellite which in turn transmits a
short synchronization pulse (cf. Fig. 7, top). By this, a
bidirectional link between the two radar instruments is
established, which allows for mutual phase referencing
without exact knowledge of the actual distance between
the satellites. On ground, a correction signal can be derived
from the recorded synchronization pulses. This compen-
sates the oscillator induced phase errors in the bistatic SAR
signal. The performance of such a synchronization link has
been investigated in [6]. The bottom diagram in Fig. 7
shows the predicted standard deviation of the residual
phase errors after synchronization as a function of the
update frequency of the synchronization signals for differ-
ent signal-to-noise ratios (SNR) of the bidirectional link.
The actual SNR varies with the distance between the
satellites as well as their relative attitude. For the typical
DEM data acquisition mode with baselines below 1 km,
the SNR will be in the order of 30–40 dB, and it becomes
clear that a phase error below 11 can be achieved for
synchronization frequencies above 5 Hz.
Fig. 3. Data acquisition configurations: pursuit monostatic (left), bistatic (middle), and alternating bistatic (right).
Fig. 4. Illustration of temporal decorrelation effects in pursuit monostatic mode where the satellites had an along-track distance of 20 km, corresponding
to a temporal baseline of 2.6 s. The three images show the coherence (black: 0.0, white: 1.0) obtained for three different interferometric acquisitions over
one and the same rain forest test site in Mawas/Borneo. All acquisitions had rather small interferometric baselines as indicated by their height of ambiguity
(HoA). The loss of coherence due to temporal decorrelation in the middle acquisition is evident. The temporal decorrelation is even more striking if one
takes into account that the middle scene was acquired with the shortest baseline (largest height of ambiguity) which should minimize the amount of
volume decorrelation.
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The performance of the synchronization link has been
validated during the bistatic TanDEM-X commissioning
phase [7]. An example of such a verification is shown in
Fig. 8. The images show for one and the same scene
the height differences between two DEMs that have
been acquired in subsequent satellite formation passes.
The top image shows the result obtained with an early
version of the TanDEM-X processor. Due to a slight error in
the synchronization signal processing, small undulations
in the order of 71 m can be seen. After refining the
interpolation between the synchronization pulses, the
undulations are hardly visible and the large scale height
errors are now below 70.1 m. Since the height of ambi-
guity was 38 m for both acquisitions, this corresponds to a
relative synchronization phase error of less than 711.
Note that in the previous analyses, a constant height
offset between the two DEM acquisitions has been sub-
tracted. A systematic evaluation of the height offsets of a
large number of TanDEM-X DEMs distributed over the
whole latitude spectrum revealed systematic height offsets
that varied with the along-track distance between the
satellites [12]. The reason for these variations turned out to
330 V/m 
@ 150 m
direct SAR illumination
Ec = 50 V/m
Ec = 20 V/m
RF Interference
Fig. 5. Predicted electric field strength in case of direct illumination of
one satellite by the radar antenna of the other satellite. For typical
spacecraft, the maximum allowed field strength is 20 V/m. This value has
been raised for TanDEM-X to 50 V/m, which is still below the field
strength that may occur in case of direct illumination for the minimum
allowed satellite distance of 150 m.
TSX
TDX
“TDX may 
not transmit in 
desc. orbit”
exclusion
zones
(example)
“TSX may 
not transmit 
in asc. orbit”
HE
LI
X
Fig. 6. TanDEM-X exclusion zones.
Fig. 7. Synchronization of the TanDEM-X satellites by mutual exchange
of radar pulses (top) and predicted performance (bottom). The perfor-
mance is shown in terms of the standard deviation of the total
synchronization link phase error as a function of the synchronization
frequency with signal-to-noise ratio as a parameter. Based on these
performance analyses, a synchronization frequency of 5 Hz has been
selected for operational DEM acquisition. For typical Helix formations
used in the nominal DEM acquisition phase, this results in an expected
phase error standard deviation of ∼11.
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be relativistic effects. For this, one should note that the
correct application of the synchronization-link signal dur-
ing bistatic SAR processing has to take into account that
bistatic SAR processing and bistatic radar synchronization
are performed in different reference frames moving rela-
tive to each other. This introduces a non-simultaneity of
the transmit and receive events in the different frames
which depends on the along-track distance between the
two satellites ([8], cf. illustration in Fig. 9). The effect can
be approximated based on Einstein's theory of special
relativity by comparing the corresponding space–time
intervals
s2 ¼ ðc⋅tmÞ2− B
!
Tx−Rxj2 ¼ c⋅
rbi
c
 2
−
 B
!
Tx−Rx þ v!Rx
rbi
c

2

-rbi≈ B
!
Tx−Rx
v!Rx
c
þ c⋅tm ð1Þ
where s denotes the space–time interval, c the velocity of
light, tm the radar pulse traveling time measured in the
Fig. 8. Verification of the TanDEM-X synchronization link. The images show the height difference between two DEMs that have been acquired in
subsequent formation passes. The height of ambiguity was 38 m for both acquisitions. Top: difference with early version of the TanDEM-X processor
(uncalibrated synchronization link). Height error undulations in the order of 71 m are clearly visible which correspond to phase errors of 7101. Bottom:
difference after refining the interpolation procedure for the synchronization signal. Systematic height undulations are now hardly visible and the residual
height error is below 70.1 m, corresponding to a phase error of less than 711.
Fig. 9. Illustration of the non-simultaneity of events as observed from different reference frames. Left: observation within satellite frame. The spherical
wavefront of a pulse emitted from a virtual transmitter in the middle of the two satellites arrives at both satellites at the same time. Right: observation from
an Earth centered Earth fixed (ECEF) reference frame. The satellites move relative to the ECEF frame and the wavefront arrives first at TDX and later at TSX.
It becomes clear that, events which are simultaneous in the satellite frame are no longer simultaneous in the ECEF frame.
G. Krieger et al. / Acta Astronautica 89 (2013) 83–9888
Author's personal copy
satellite reference frame, B
!
Tx−Rx the baseline vector con-
necting the master and slave satellites (length contraction
can be neglected), rbi the bistatic range, and v
!
Rx the
velocity of the receiving satellite. For TanDEM-X, the
typical values for the bistatic range correction rbi vary
between 72 cm, which would, if not compensated,
correspond to phase errors of 72201 and height offsets
of more than 730 m for a height of ambiguity of 50 m.
The actual results with TanDEM-X show that this approx-
imation provides a sufficiently accurate correction, even
though it neglects the effect of Earth rotation which
introduces an accelerated reference frame that requires
in the strict sense a more rigorous treatment.
2.5. Interferometric performance and global data acquisition
plan
Radar interferometry is based on the evaluation of the
phase difference between two coherent radar signals
acquired from slightly different spatial and/or temporal
hamb = 30 m
hamb = 45 m
optimum combination of all swaths
Fig. 10. Predicted relative height accuracy for a height of ambiguity of
45 m (dotted) and 30 m (dashed). The lower solid curve shows the error
resulting from the combination of multiple swaths. All errors are point-
to-point height errors for a 90% confidence interval.
DEM Height Error Analysis - Soil & Rocks 
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Fig. 11. Relative point-to-point height accuracies estimated from the comparison of two TanDEM-X DEM acquisitions for different soil and rock test sites.
The blue triangles show the estimated point-to-point relative height error (HE) for terrain with predominant slopes below 20%, while the red dots show the
corresponding height errors for terrain with predominant slopes above 20%. The estimates for the low slope areas show a good agreement with the
predictions from the performance model in Fig. 10. See [9] for more details. (For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)
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positions. By this, TanDEM-X is able to measure the range
difference between the two satellites and a given scatterer
on the ground with millimetric accuracy. The height of the
scatterer is inferred from this range difference by geo-
metric triangulation. The sensitivity of the phase-to-height
scaling depends on the distance between the two satel-
lites, where a larger baseline increases the sensitivity of
the radar interferometer to small height variations. How-
ever, the conversion from phase to range and hence the
conversion of phase differences to height is not unique,
since the range difference measurement via phases is
ambiguous with the wavelength. Radar interferometry
expresses this ambiguity by the so-called height of ambi-
guity
hamb ¼
λr0 sinðθiÞ
B⊥
ð2Þ
where λ is the wavelength, r0 the slant range from the
satellites to the scatterer under consideration, θi the local
incident angle of the electromagnetic wave, and B⊥ is the
perpendicular baseline component. A good approximation
for the scalar value B⊥ is obtained by projecting the vector
connecting both satellites onto a plane normal to the
satellite orbit and then again onto a plane perpendicular
to the line of sight.
Fig. 10 shows the predicted height accuracy as a
function of ground range position and the height of
ambiguity (cf. [3] for details). Systematic height accuracy
evaluations of repeatedly acquired TanDEM-X DEMs show
a good agreement with the performance model. This is
illustrated in Fig. 11 which shows an example of the
estimated relative height errors for several soil and rock
test sites. The error estimates were obtained by comparing
the point-to-point relative height deviations between
two subsequent TanDEM-X acquisitions as explained in
detail in [9].
From the performance prediction in Fig. 10 it becomes
clear that a lower height of ambiguity (i.e. larger baseline B⊥)
improves the height accuracy. However, a lower height of
ambiguity also increases the difficulties in selecting the correct
ambiguity interval during DEM generation (phase unwrap-
ping). To minimize such problems and to ensure a homo-
geneous performance, TanDEM-X combines acquisitions with
different heights of ambiguity. This requires in turn frequent
adjustments of the Helix formation parameters which are
selected according to an optimized global data acquisition
plan. Important constraints in this challenging optimization
procedure are besides the interferometric performance the
available amount of fuel and thruster cycles, limitations in the
onboard storage and downlink capacity in combination with
the finite time for global DEM acquisition, as well as power
and thermal constraints. Further challenges arise from the
interleaved usage of both satellites to continue the TerraSAR-X
mission.
2.6. Baseline estimation and DEM calibration
Up to now, we have neglected errors due to the finite
accuracy of relative baseline estimation. Such errors will
mainly cause a low frequency modulation of the DEM,
thereby contributing simultaneously to relative and abso-
lute height errors. Most critical for TanDEM-X are baseline
errors in the line of sight (ΔB||) which cause a rotation of
the reconstructed DEM about the (master) satellite posi-
tion. As a result, the DEM will be vertically displaced by
Δh¼ r0⋅sinðθiÞ⋅
ΔBjj
B⊥
¼ hamb
λ
⋅ΔBjj ð3Þ
This vertical displacement is Δh¼71.1 m for ΔB||¼
71 mm and hamb¼35 m. A parallel baseline error will
furthermore cause a tilt of the DEM which is given by
φtilt ¼
Δh
Δs
¼ ΔBjj
B⊥
ð4Þ
where Δs is the ground range distance from the selected
reference point. The resulting tilt will be 3.8 mm/km and
2.3 mm/km for incident angles of θi¼301 and θi¼451,
respectively (ΔB||¼1 mm and hamb¼35 m, i.e., B⊥¼260 m
and B⊥¼440 m for θi¼301 and θi¼451, respectively).
Fig. 12 illustrates the effect of baseline errors on the
individual DEM data takes. Since the satellites in the close
Helix formation are exposed to similar orbital distur-
bances, their relative motion can be predicted with high
accuracy. In consequence, each interferometric data take is
characterized by a nearly constant baseline offset (denoted
as “bias” in Fig. 12) that causes a constant vertical shift and
a small tilt in the corresponding DEM swath.
Precise baseline determination is performed by a double
differential evaluation of GPS carrier phase measurements.
Bestimated
Btrue
"bias"
BΔ
DEM
Fig. 12. Illustration of the impact of baseline estimation errors. Top:
unknown baseline offset during each data take. The baseline measure-
ment accuracy of 1–2 mm is indicated by the gray tube. Bottom: vertical
displacement and tilt of adjacent swaths as a result of different baseline
offsets during the data takes. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this
article.)
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The results from the TanDEM-Xmission show that the relative
satellite positions can be estimated with accuracies in the
order of 1–2mm (cf. Fig. 13). These results are also in good
agreement with theoretical predictions based on the prior
experience with the GRACE mission [10]. However, primarily
due to uncompensated offsets from the SAR antenna phase
centers, the relative satellite positions derived from GPS
measurements are biased. Interferometric acquisitions over
well-known areas allow estimating the bias from the differ-
ence to the reference height. Fig. 13 shows stable estimates for
the relevant radial and cross-track component of the baseline
offsets. Mean values of −2.9/1.5 mm (cross-track/radial) are
being applied in the generation of the final baseline products
(cf. [11]).
Additional systematic height error sources include
uncompensated internal delays in the SAR instruments,
the use of different synchronization horn antennas for
different orbit positions, the formation of the bistatic
replica for both synchronization and bistatic imaging, as
well as residual errors in the bistatic SAR processing, e.g.
due to relativistic effects and Earth rotation (see also
Section 2.4). A calibration for all these systematic phase
offsets has been performed by evaluating the DEM height
offset statistics over large data sets distributed all over the
world [11]. By this, the typical height offsets of single DEM
acquisitions are already well below the 10 m requirement
from Fig. 1 [12]. This is illustrated in Fig. 14, which shows
the TanDEM-X height offsets for a large number of DEM
acquisitions distributed over a wide range of latitudes.
Most of the height offsets are already, i.e. without any
calibration and mosaicking, within the required 710 m
band. The apparent clustering of height errors at 720 m is
caused by so-called π-ambiguities that are caused by the
bidirectional synchronization procedure (cf. Section 2.4).
This ambiguity is resolved by reprocessing the interfero-
metric data takes with the correct ambiguity band.
In assessing the variability, one should moreover take
into account that the reference DEMs are by themselves
inaccurate. The final calibration of the global DEM will be
based on a bundle block adjustment using all overlapp-
ing TanDEM-X DEM data takes in combination with an
appropriately selected subset of high quality height refer-
ences which are primarily obtained from the ICESat mis-
sion [13,14]. From this, it may be expected that the
absolute height accuracy of the globally mosaicked DEM
will be significantly better than the required 10 m.
3. Status summary
TanDEM-X was successfully launched into orbit on June 21,
2010. The initial separation between TDX and TSX was
15,700 km and after 1 month of drifting a formation in pursuit
monostatic configuration with an along-track distance of
20 km was reached [17]. This formation was maintained for
3 months to calibrate the TanDEM-X radar instruments and to
perform first bistatic and interferometric experiments
employing large baselines (cf. Section 4). On October 14, both
satellites were maneuvered into a close formation to start the
bistatic commissioning phase. During this phase, the radial
and cross-track baselines were kept constant at 360 and
400 m, respectively, and the mean along-track distance was
set to 0 m. The results from both the mono- and bistatic
commissioning phase already demonstrated the unique inter-
ferometric performance of TanDEM-X [7]. Fig. 15 shows as an
example two TanDEM-X DEMs that have been acquired
during the commissioning phase.
Operational DEM acquisition started on December 12,
2010, less than 6 months after satellite launch. Since then,
the total landmass of the Earth (except the Antarctic region)
has been mapped once with a height of ambiguity ranging
from 40 to 60 m. Fig. 16 shows as an example the color-
coded relative height error derived from the coherence of
this first global acquisition. Global DEM data acquisition
with varying baselines will continue until 2014, mapping
difficult terrain like mountains, valleys, tall vegetation, etc.,
with at least two heights of ambiguity as well as from
multiple incidence/aspect angles. The latter will be
achieved by swapping the Helix formation. This allows for
a shift of the DEM acquisition quadrants from ascending to
descending orbits in the northern hemisphere and vice
versa in the southern hemisphere. First parts of the global
TanDEM-X DEM will become available in 2014.
Fig. 14. Absolute height error of single DEM acquisitions derived from the
comparison with SRTM [15] (within 7601 latitude) and with ICESat [16]
data (outside 7601 latitude).
Fig. 13. Radial and cross-track component of the baseline bias estimated
from repeated interferometric measurements over reference sites as a
function of the 11-day repeat cycle. The standard deviation of s¼1.1 mm
in radial direction and s¼1.3 mm in horizontal cross-track direction fits
well with the theoretic predictions. The estimated bias is m¼1.5 mm and
m¼−2.9 mm in radial and cross-track direction, respectively.
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Ongoing work includes continuous performance monitor-
ing and verification [18–21], the acquisition for the remaining
DEM data takes with optimized imaging geometries [22],
multibaseline interferometric processing [23,24], the final
implementation, test and validation of the mosaicking and
calibration processor [25], as well as the planning and con-
duction of bistatic and multistatic radar experiments within
the science service segment [26].
4. TanDEM-X experiments
TanDEM-X provides the remote sensing scientific com-
munity not only with a global DEM of unprecedented
accuracy, but also with a unique reconfigurable SAR
system to demonstrate novel bistatic and multistatic radar
techniques for enhanced bio- and geophysical parameter
retrieval. The following subsections summarize some of
the advanced capabilities of TanDEM-X which can be
operated in a multitude of modes and configurations [3].
Most of the provided results were already obtained during
the TanDEM-X commissioning phase. The main intention
of this section is to give the reader an impression of the
manifold capabilities of future formation-flying SAR mis-
sions to serve novel remote sensing applications. A com-
plete description of the experiments and a detailed
discussion of their results can be found in the provided
references.
4.1. Velocity measurements from space
TanDEM-X has the capability to provide highly accurate
velocity measurements of moving objects within a large
coverage area. This can be achieved by comparing the
amplitude and phase of two SAR images acquired at
slightly different times (Fig. 17). By adjusting the along-
track displacement between the TDX and TSX satellites
from almost zero to several tens of kilometres, TanDEM-X
can adapt its sensitivity to a broad spectrum of velocities
ranging from less than a millimetre per second to more
than hundred kilometres per hour. The Helix satellite
formation employed by TanDEM-X enables even a mini-
mization of the effective across-track baseline for a given
latitude and incident angle, thereby reducing the complex-
ity in the velocity estimation process. Along-track inter-
ferometry can furthermore be enhanced by the so-called
dual-receive antenna mode in each of the two tandem
satellites, which provides additional phase centers sepa-
rated by a short along-track baseline of 2.4 m. The combi-
nation of short and long baseline SAR data acquisitions
improves both the detection and localization of moving
objects and resolves phase ambiguities in case of fast
Fig. 16. Relative height error for the first global acquisition. Green colors indicate areas where the height error is already within the 2 m requirement,
yellow parts will improve with the second coverage, difficult terrain appears in red and will require additional acquisitions in the opposite viewing
geometry.
Fig. 15. Examples of digital elevation models (DEMs) acquired by
TanDEM-X. Top: Italian volcano Etna, located on the east coast of Sicily.
Bottom: Chuquicamata, the biggest copper mine in the world, located in
the north of Chile.
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scatterers. TanDEM-X provides hence a unique SAR system
with four phase centers separated in the along-track
direction. Potential applications are ground moving target
indication (GMTI), the measurement of ocean surface
currents, as well as the monitoring of sea ice drift and
rotation.
Fig. 18 shows as a first example the observation of ship
movements in the Strait of Gibraltar [27]. The data were
acquired during the monostatic commissioning phase
where the satellites had an along-track separation of
20 km. This separation corresponds to a time lag of 2.6 s.
The 2-D velocity vector could be measured with an
accuracy of 1 km/h by comparing the ship positions
in the TSX and TDX SAR images (cf. [27] for details).
The velocity measurements have been validated with
independent data obtained from the automatic identifica-
tion system (AIS).
4.2. Large baseline cross-track interferometry
Large baseline interferometry takes advantage of the
high RF bandwidth of the TSX and TDX satellites, allowing
for coherent data acquisitions with cross-track baselines of
5 km and more. Note that less than 5% of the maximum
possible (critical) baseline length is used during nominal
DEM data acquisition. Large baseline interferograms can
hence significantly improve the height accuracy beyond
the standard TanDEM-X DEM quality, but the associated
low height of ambiguity requires typically a combination
of multiple interferograms with different baseline lengths
to resolve phase ambiguities, especially in hilly and
mountainous terrain. Further opportunities arise from a
comparison of multiple large baseline TanDEM-X interfer-
ograms acquired during different passes of the satellite
formation (Fig. 19). This provides a sensitive measure for
vertical scene and structure changes. Potential applications
are a detection of the grounding line which separates the
shelf from the inland ice in polar regions, monitoring of
vegetation growth, mapping of atmospheric water vapor
with high spatial resolution, measurement of snow accu-
mulation or the detection of anthropogenic changes of the
environment, e.g. due to deforestation. Note that most of
these combinations rely on a comparison of two or more
single-pass (large baseline) cross-track interferograms and
hence do not require coherence between the different
passes. Further information can be gained from an evalua-
tion of coherence changes, potentially augmented by
polarimetric information. This is, for instance, well suited
to reveal even slight changes in the soil and vegetation
structure reflecting vegetation growth and loss, freezing
and thawing, fire destruction, human activities, and so on.
The combination of repeated TanDEM-X single-pass inter-
ferograms enables therefore the entry into a new era of
interferometric and tomographic 3-D and 4-D SAR imaging
as it was the case with ERS-1/2 for the development of
classical repeat-pass SAR interferometry.
Fig. 20 shows as a first example a large baseline DEM
acquired by TanDEM-X on July 16, 2010, in the Russian
Arctic (October Revolution Island) [28]. The DEM was part
of a longer data take that used a sophisticated command-
ing to obtain a large baseline interferogram while TDX was
still drifting towards TSX from its initial along-track
separation of 15,700 km. At the time of data acquisition,
the two satellites were 380 km apart from each other,
resulting in a temporal separation of 50 s. Earth rotation
caused a cross-track baseline of 2 km which corresponds
to a height of ambiguity of only 3.8 m. A squinted opera-
tion was necessary to provide a sufficient overlap of the
Doppler spectra. The lower part of Fig. 12 shows the
predicted (blue curve) and estimated (green curve) stan-
dard deviation of the point-to-point relative height error
for a linear slice through the DEM. The predicted error was
calculated from the coherence measurements and the
estimated error was obtained by high-pass filtering
the DEM slice as explained in [28]. Both results show that
the height accuracy is in the order of 20 cm. This demon-
strates the great potential of formation-flying SAR mis-
sions to obtain repeated high-resolution elevation
Fig. 17. Velocity measurements with TanDEM-X. The Helix satellite formation allows a flexible adjustment of the desired along-track separation between
the satellites. In addition, a short along-track baseline is provided by each satellite.
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information with decimetre accuracy, thereby enabling
new remote sensing applications. A possible application
is the systematic monitoring of height changes over
glaciers, ice caps and ice sheets to quantify their ice mass
balance. A dedicated SAR mission has already been pro-
posed for this purpose [29].
Fig. 18. Ship movements observed with TanDEM-X during the monostatic commissioning phase. The ship displacements can be seen from the insets showing TSX
(red) and TDX (green) image patches overlaid in different colors. The estimated velocities are in excellent agreement with AIS reference data (right inset, cf. [27] for
more details).
Fig. 19. Performance estimation for large baseline DEM acquisitions with TanDEM-X (cross-track baseline¼3000 m, posting¼12 m). A relative height
accuracy (single point standard deviation) better than 10 cm is predicted.
G. Krieger et al. / Acta Astronautica 89 (2013) 83–9894
Author's personal copy
4.3. Polarimetric SAR interferometry
Polarimetric SAR interferometry (Pol-InSAR) combi-
nes coherently single- or multi-baseline interferograms
acquired at different polarizations to gain 3-D structure
information from semi-transparent volume scatterers [30].
A prominent example is the measurement of vegetation
structure parameters as forest height and layering.
TanDEM-X is the first single-pass polarimetric radar inter-
ferometer in space that allows the acquisition and analysis
of dual- and quad-pol InSAR data without the disturbing
effect of temporal decorrelation. X-band has – when
compared to lower frequencies – a reduced penetration
capability into or through vegetation layers. TanDEM-X
experiments nevertheless demonstrated sufficient pene-
tration under sparse forest conditions [31,32]. This
penetration is associated with a sensitivity of X-band
interferometric measurements to forest vertical structure
attributes as well as to their seasonal variation and allows
the use of TanDEM-X data for forest monitoring applica-
tions in the boreal ecosystem.
Fig. 21 shows on the right a forest height map derived
from TanDEM-X Pol-InSAR data and compares it with the
one obtained from airborne lidar measurements (shown
on the left). The correlation between the two forest height
maps is about 90% and the standard deviation on the order
of 1.5 m. The ability to estimate forest height in terms of
TanDEM-X Pol-InSAR techniques is of course limited by
the penetration depth at X-band that decreases with
increasing attenuation, i.e. with increasing (electromag-
netic) density of the forest. Accordingly, in denser forest
conditions the penetration depth decreases so that the
interferometer is no longer able to “see” the whole volume
and the height estimation “saturates”. In this sense, a
future formation-flying SAR mission dedicated to global
forest monitoring has to be operated in a lower frequency
band [33].
When it comes to agriculture vegetation, higher
frequencies like X-band are favored as they provide more
balanced volume and ground scattering contributions and
allow therefore a better volume characterization. Fig. 22
shows as a first example the height differences obtained
for a dual-polarized TanDEM-X spotlight acquisition of an
agricultural field in Russia. The data were acquired during
the monostatic commissioning phase with a perpendi-
cular baseline of 275 m, demonstrating the potential
of Pol-InSAR for crop height estimation. Current and
future experiments will also combine multiple interfero-
metric data takes acquired in dual and fully polarimetric
modes [31,32].
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Fig. 20. Large baseline TanDEM-X DEM from the border of October
Revolution island (top) and predicted (blue) vs. estimated (green)
point-to-point height accuracy along a DEM slice (cf. [28] for details).
(For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)
Fig. 21. Forest height maps, Kryclan test site, Sweden. Left: Lidar forest height map superimposed on X-band radar amplitude image. Right: Pol-InSAR
derived forest height superimposed on interferometric coherence image scaled from 0 (black) to 1 (white).
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4.4. Bistatic SAR imaging
Bistatic SAR imaging provides additional observables
for the extraction of important scene and target para-
meters. TanDEM-X allows for the simultaneous acquisition
of bistatic and monostatic images in a single data take to
obtain a highly informative set of multi-angle observa-
tions. A quantitative evaluation of the bistatic radar cross-
section (RCS) and a comparison with its monostatic
equivalent facilitate the detection and recognition of
targets. The segmentation and classification in radar
images are expected to be improved by comparing the
spatial statistics of mono- and bistatic scattering coeffi-
cients. This is supported by airborne bistatic radar experi-
ments performed by DLR and ONERA, which revealed
significant changes of the scattering behavior for both
artificial and natural targets even in case of rather small
bistatic angles [34]. A joint evaluation of mono- and
bistatic SAR images could also be used to isolate different
scattering mechanisms. An example is the distinction
between highly directive dihedral returns from more
isotropic volume scattering. Bistatic SAR has moreover
potential for the retrieval of sea state parameters, the
estimation of surface roughness and terrain slope, as well as
stereogrammetric, meteorological and atmospheric applica-
tions [35,36]. The bistatic data acquired with TanDEM-X will
hence provide a unique data source to improve our under-
standing of bistatic SAR imaging and its exploitation for future
remote sensing applications. A first bistatic data take has
been acquired over Brasilia, Brazil, during the monostatic
Fig. 22. Polarimetric SAR interferometry with TanDEM-X. Left: amplitude of SAR image. Right: interferometric height difference between HH and
VV channels.
Fig. 23. Overlay of monostatic (magenta) and bistatic (green) SAR image. The images show Brasilia, Brazil.
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commissioning phase where the satellites were separated by
20 km. Fig. 23 shows an overlay of the bistatic SAR image with
its monostatic counterpart demonstrating significant scatter-
ing differences already for very small bistatic angles [37].
5. Conclusions
The TanDEM-X mission opens a new era in spaceborne
radar remote sensing. A large single-pass SAR interferom-
eter with adjustable baselines has been formed by adding
a second, almost identical radar satellite to TerraSAR-X and
flying both satellites in a closely controlled formation. This
enables not only the acquisition of a global DEM with
unprecedented accuracy, but also the demonstration of
highly innovative bistatic and multistatic SAR techniques
and applications. These experiments form the basis for
future formation-flying SAR missions [38,39].
Key technologies like close formation flying, bistatic
SAR operation and synchronization, precise baseline esti-
mation and calibration as well as sophisticated bistatic and
interferometric processing chains have been implemented.
Appropriate safety mechanisms enable safe operation at
satellite distances as close as 150 m. The complete mission
is fully operational since December 2010 and both satel-
lites as well as the ground system perform remarkably
well. The global DEM with a relative height accuracy of
2 m will be available by the end of 2014. It is expected that
this global DEM will become a new reference for commer-
cial (http://www.astrium-geo.com/en/168-tandem-x-glo
bal-dem) and scientific applications (www.dlr.de/HR/tan
dem-x) since it is at least 30 times more accurate than the
presently available global scale DEM data set. Current fuel
consumption and battery degradation on the TerraSAR-X
satellite are well below specification and will probably
permit lifetime extensions of at least 2 years, i.e. close
formation flying until 2015 seems feasible. The prolonged
mission time can be used for additional DEM acquisitions
with improved accuracy and resolution as well as for the
conduction of advanced bistatic and multistatic SAR experi-
ments in unique configurations, modes and geometries.
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